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Abstract

Since the early 2000s, nucleic acid aptamers have gained considerable attention
of life science communities. This is in particular due to the fact that aptamers
are known to function as artificial riboswitches, which presents an efficient way to
regulate gene expression. A promising candidate is the tetracycline-binding RNA
aptamer (TC-aptamer) since the TC-aptamer is known to function in vivo and
exhibits a very high affinity towards its ligand tetracycline (TC) (K4 = 800 pm
at 10mmM Mg?"). Although a highly resolved crystal structure exists in the
ligand bound state, questions related to dynamics cannot be answered with X-ray
crystallography. In this work, pulsed electron paramagnetic resonance (EPR)
spectroscopy was used to study different biochemical and structural aspects of
the TC-aptamer.

On the one hand, pulsed hyperfine spectroscopy was used to study the binding
of TC via Mn*" to the TC-aptamer at lower and thus more physiological divalent
metal ion concentrations. In a first step, a protocol for the relatively new pulsed
hyperfine technique electron-electron double resonance detected NMR (ELDOR-
detected NMR or just EDNMR) was developed for Q-band frequencies (34 GHz).
After a successful verification of the EDNMR technique at Q-band frequencies
on Mn*" model complexes ([Mn(H,0)s]*" and Mn-DOTA), two-dimensional
hyperfine techniques were used to confirm the formation of a ternary RNA-Mn?*"-
TC complex at physiological divalent metal ion concentrations. Correlation
signals between *C (**C-labeled TC) and *'P (from the RNA backbone) to the
same Mn?" electron spin were detected with 2D-EDNMR and triple hyperfine
correlation spectroscopy (THYCOS).

On the other hand, pulsed electron-electron double resonance (PELDOR)

spectroscopy on a doubly nitroxide-labeled TC-aptamer was used to investigate



the conformational rearrangement upon ligand binding and how the conforma-
tional flexibility is affected by different Mg®* concentrations. The Cm spin label
was used as a nitroxide spin probe. Due to its rigidity and low degree of internal
flexibility, the Cm spin label yields very narrow distance distributions and pro-
nounced orientation selection (OS). As a consequence, the width of the distance
distributions can be used to draw conclusions about the conformational flexibility
of the spin-labeled helices. Analysis of the distance distributions showed that at
high Mg*" concentrations, the TC-aptamer is in its folded state, irrespective of
the fact if TC is present or absent. Orientation selective PELDOR revealed that
the orientation of the spin-labeled helices in frozen solution is the same as in the
crystal structure.

First Mn?*-nitroxide pulsed electron-electron double resonance (PELDOR)
measurements on a singly nitroxide-labeled and Mg*" /Mn*"-substituted TC-
aptamer at different Mn** concentrations in the presence and absence of TC
gave insight into the affinities of the additional divalent metal ion binding sites

of the TC-aptamer.
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Chapter 1

Introduction

1.1 Role of EPR Spectroscopy in Structural Bi-
ology

Structural biology is a branch of molecular biology, that is dedicated to deter-
mine and understand the molecular structure of biological macromolecules like
proteins and nucleic acids and how the structure of a biological macromolecule
is related to its function. Especially the last aspect cannot be overstated, as this
relation draws a direct connection between structural biology and all biochemical
transformations in cells.

It is therefore not surprising that scientists have a wide range of methods at
their disposal to elucidate the structure of biological macromolecules. Among
the most frequently used techniques are nuclear magnetic resonance (NMR)
spectroscopy and X-ray crystallography. These techniques can yield a highly
resolved three-dimensional atomistic structure. Despite a constant development
of new pulse sequences, liquid NMR-based structure elucidation is still limited
by the size of the macromolecule under investigation, which is 100 nucleotides for
nucleic acids (= 30 kDa) [1] and =~ 100 kDa for proteins [2]. X-ray crystallography
comes with the drawback that seeding of single crystals can be a tedious endeavor.
Due to its static nature, X-ray crystallography does not offer any insights into
questions related to structural dynamics.

A rapidly emerging field in the past years is cryogenic electron microscopy

(cryo-EM), in which an electron beam is transmitted through a specimen at
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cryogenic temperatures which is embedded in a glassy water matrix [3]. If
sufficient computational power is available, cryo-EM allows a near-atomistic
structure determination. In contrast to NMR, however, cryo-EM is not able
to capture atomistic structures of macromolecules with a size smaller than
~ 75kDa [4, 5]. This is due to increasing problems in image processing for
smaller macromolecules.

Other structural biology methods include mass spectrometry [6], small angle
X-ray scattering (SAXS) and small angle neutron scattering (SANS) [7], solid-
state NMR under magic angle spinning dynamic nuclear polarization (MAS-DNP)
conditions [8] as well as fluorescence-based methods such as Forster resonance
energy transfer (FRET) spectroscopy [9].

Another important tool in structural biology is electron paramagnetic res-
onance (EPR) spectroscopy, in which physical properties of unpaired electron
spins are used to obtain structural information of biological macromolecules [10].
Pulsed EPR spectroscopy can be subdivided into pulsed dipolar spectroscopy
(PDS) and pulsed hyperfine spectroscopy. Whereas PDS techniques can be used
to measure long distance distribution constraints in the nanometer regime (2 to
16 nm [11]), pulsed hyperfine spectroscopy can be used to probe the interaction
of coupled nuclear and electron spins up to a distance of 1nm [12]. Although
EPR spectroscopy is not able to resolve a three-dimensional structure on its own,
is has some unique advantages over NMR, cryo-EM and X-ray crystallography.
Firstly, EPR spectroscopy is not constrained by the size of the macromolecule.
Secondly, very specific moieties or regions of the macromolecule can be observed
with EPR spectroscopy. This is because the macromolecule itself is EPR-silent
in most cases, hence the site-specific introduced EPR spin label is the sole source
of an EPR signal. This stands in contrast to the aforementioned high-resolution
techniques, where signal assignment is often a non-trivial task as signals occur in
high abundance. Thirdly, extraction of EPR data is a parameter free approach,
thus simplifying data interpretation. FRET measurements, for example, rely
critically on the orientation factor k.

The only requirement for EPR measurements is typically the introduction
of spin labels. Nowadays, nitroxides are the most commonly used form of EPR

spin probes. In some cases, paramagnetic co-factors (transition metals) can
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be used for EPR measurements, which makes the introduction of nitroxide
radicals obsolete. Sometimes, diamagnetic metal ions can be substituted by
paramagnetic metal ions, e.g., substitution of Mg®" with Mn®* [13]. The only
caveat of pulsed EPR is that measurements are typically performed at cryogenic
temperatures of 50 K or lower. This is necessary, since electron spins possess
a rather short spin decoherence time, which makes an observation at ambient
temperatures challenging if not impossible. If possible, it is advisory to compare
pulsed EPR measurements of a frozen solution to data from other structural
biology techniques obtained at ambient temperature and physiological conditions

(integrative structural biology).

No. of references for “aptamer”

1990 1995 2000 2005 2010 2015
Year

Figure 1.1: Bar graph of SciFinder references containing the word “aptamer” as a
function of the year of publication.

Until the late 1990s, structural biology was mainly focused on understanding
the structure and function of proteins. With the “awakening” of nucleic acid
aptamers (Figure 1.1), however, nucleic acid molecules gained attention among
structural biologists. Unfortunately, nucleic acid (aptamer) structural biology
is more challenging than protein structural biology. For instance, cryo-EM
struggles with resolving the structure of macromolecules with a mass smaller
than 50 kDa, which is the typical molecular weight of aptamers. Nucleic acid
X-ray crystallography suffers from the disadvantage that nucleic acids exhibit a

higher intrinsic degree of freedom than folded protein structures, which makes
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nucleic acids more difficult to crystallize. In addition, nucleic acids bear one
negative charge at the phosphate group per residue, whereas the net charge of
proteins is rather small. As a consequence, repulsion forces between two nucleic
acid molecules are stronger than between two protein molecules, which hampers
nucleic acid crystallization even further.

Nucleic acid NMR spectroscopy suffers from the drawback that the chemical-
shift dispersion is much smaller than for protein NMR spectroscopy. This is
because nucleic acids are composed of only 4 different nucleobases, whereas
for proteins 21 different proteinogenic amino acids exist for eukaryotes. In
addition, proteins exhibit various secondary structure elements, each with a
specific NMR-fingerprint. In contrast, ribonucleic acid (RNA) molecules are
mainly composed of the A-form helix as the sole secondary structure element.
Furthermore, nucleic acid NMR. spectroscopy cannot rely on D,O as a signal-
enhancing solvent, since the high percentage of nucleic acid exchangeable protons
would render the detection of hydrogen nuclei impossible.

On the other hand, nucleic acid EPR spectroscopy is not handicapped by
any of the aforementioned problems. Quite the contrary, nucleic acid EPR
spectroscopy offers a wide choice of labeling schemes and spin labels [14]. For
example, nucleic acid molecules can be labeled with rigid nitroxide spin labels
[15, 16], which is so far not possible for proteins. Rigid spin labels allow to
extract angular information besides distance distribution restraints. The previous
paragraphs show that EPR spectroscopy may be even more important in nucleic

acid structural biology than in protein structural biology.

1.2 The Tetracycline-binding RNA Aptamer

Aptamers describe a class of macromolecules that bind a small molecule with
high affinity. Although the term also applies to proteins [17], the word aptamer
normally refers to nucleic acid aptamers. Nucleic acid aptamers rarely exceed
100 nucleotides, which translates into ~ 33 kDa. Oligonucleotide sequences that
show a high affinity toward a specific ligand are normally discovered by an in

vitro selection procedure also called systematic evolution of ligands by expo-

W
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nential enrichment (SELEX) [18, 19]. The tetracycline-binding RNA aptamer
(TC-aptamer) was discovered by SELEX in the Schroeder lab [20]. Chemical
probing experiments suggested a secondary structure which involves three helical
stems and a bulge region where ligand binding occurs [21]. An exceptionally
low dissociation constant of K; = 800 pM was later found with fluorescence
spectroscopy and isothermal titration calorimetry (ITC) for an optimized TC-
aptamer secondary structure (“minimer”) [22]. This is one of the lowest K,

values reported so far among small molecule RNA aptamers.

4 + ’ l—‘—)
scanning scanning x =
—_— —_— |
5 AUG-3 = & AUG-3

Figure 1.2: Possible mechanism for the TC-aptamer as an artificial riboswitch. If
incorporated into mRNA, the scanning process of the ribosomal 40S subunit proceeds
as usual if no TC is present. Upon addition of TC, however, a conformational change
is induced which stops the scanning process and therefore inhibits translation [23].

In addition, the TC-aptamer is one of only a few aptamers that are capable
to control translation and splicing even in living cells [24-26]. This opens
the exciting possibility of using the TC-aptamer as an artificial riboswitch.
This way, gene regulation is no longer controlled by large macromolecules but
rather by small molecules, i.e., tetracycline (TC), provided that the aptamer
was previously successfully incorporated into messenger RNA (mRNA) (Figure
1.2). The aforementioned properties, paired with the low-toxicity and good
cell permeability of TC [27], make the TC-aptamer an interesting system for
structural biologists.

The crystal structure of the TC-aptamer in the ligand-bound state confirmed
the hypothesis of three helices and a bulge region that is part of the ligand
binding pocket (Figure 1.3A) [28]. In addition, it was found that TC binds via
a Mg*" chelate complex to the RNA. More Mg®" ions were found to bind the
aptamer via phosphate backbone interactions, which confirmed the important
role of Mg?" ions in the folding process of the aptamer as already suggested by

chemical probing experiments [24]. Fluorescence, ultraviolet-visible (UV/VIS)

5
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spectroscopy and thermodynamical studies subsequently tackled the question of
conformational dynamics and how the Mg*" concentration affects ligand binding
and RNA folding. It was concluded that nucleotide A9 is essential for TC
binding and folding, which was best described by a 2-step binding model [29]. In
a follow-up study, Reuss et al. investigated the influence of Mg®" concentration
on the folding process [30]. The authors found that TC is a crucial factor at
intermediate Mg*" concentrations for forming the tertiary structure. At high

Mg®" concentrations, Mg?" alone is sufficient to induce folding of the RNA.

A

J12 A,

)
-

a

Figure 1.3: A) Secondary structure of the TC-aptamer as used in the study by Reuss
et al. [30] and tertiary structure of the TC-aptamer based on the crystal structure by
Xiao et al. [28]. The ligand TC is shown in green, Mg?* ions are shown in magenta.
Two Cm spin labels were attached to the molecular model at positions C'3 and C15
(black). B) Chemical structure of TC. C) Chemical structure of the rigid Cm spin
label [16].

In a pulsed EPR study using flexible nitroxide spin labels at X-band fre-
quencies (9.4 GHz), Wunnicke et al. focused on obtaining a deeper insight into
structural rearrangements of the aptamer upon addition of the ligand [31]. They
concluded that mainly junction J1/2 is displaced if TC is added.

Figure 1.3A shows the tertiary structure of the TC-aptamer based on the

crystal structure [28]. The secondary structure shown in Figure 1.3A resembles
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the one that was used in previous EPR and thermodynamic studies [29-31].
The secondary structure of the crystal structure does not contain loop L2.
Instead, the secondary structure contains a capping region at helix P1, which
also accommodates a protein U1A binding site to facilitate crystallization of the
TC-aptamer (not shown in figure 1.3A). Two Cm spin labels, used for pulsed
EPR measurements and introduced via solid-phase synthesis at positions C'3 and
C'15, are shown in black. The labeling positions were chosen to be as close as
possible to the binding pocket without disturbing ligand binding and folding of
the RNA. In silico simulations of the crystal structure with two Cm spin labels
did not show any sterical clashes. Figure 1.3B shows the chemical structure
of TC. Metal ligation typically occurs via the oxygen atoms O11 and O12 [32,
33]. Figure 1.3C shows the chemical structure of the rigid Cm spin labels. In
contrast to commonly used nitroxide spin labels like MTSL, Cm does not contain
a flexible linker region. As a result, the internal rigidity of Cm allows to directly

investigate the conformational flexibility of the spin-labeled RNA helices.

1.3 Motivation and Aim

The overal goal of this PhD project was to characterize and investigate a TC-
aptamer with state-of-the-art pulsed EPR spectroscopy. To achieve this, new spin
labels, novel EPR pulse sequences and different EPR techniques were used. Since
different biochemical and structural aspects of the TC-aptamer were investigated,
the global objective of this thesis was further subdivided into different subgoals
and subprojects.

The first aim of the thesis was to study the conformational rearrangements
upon TC binding and how the conformational flexibility of the tertiary structure
of the TC-aptamer is affected by binding and the divalent metal ion concentration.
Although recent thermodynamic and fluorescence studies already investigated
the folding of the TC-aptamer on a macroscopic scale [29, 30], no studies exist
that study the structural rearrangements upon ligand binding and the stability of
the tertiary structure on an atomistic level. To achieve this aim, pulsed electron-

electron double resonance (PELDOR) spectroscopy in combination with the rigid
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Cm spin label at X-band (9.4 GHz) and Q-band frequencies (34 GHz) was used.
Special emphasis was put on the evaluation of the properties of the Cm spin
label, which not only allows to extract distance restraints and conformational
flexibilities but also allows to obtain angular information and the bend angle ¢
between two spin-labeled RNA helices. To the authors knowledge, application
of Cm to the TC-aptamer is the first time that the Cm spin label was used to

answer questions on a biological relevant RNA.

Interplay of Different PhD Projects

Additional M**
Binding Sites

Mn?-nitroxide PELDORI

Nitroxide PELDOR 2D-correlated Mn*

with rigid QmA/ hyperfine spectroscopy

Conformational . .
it Q-band EDNMR on Ligand binding
Flexibility Mn* model systems -
Verification
Q-band EDNMR

The second aim of the thesis was to study ligand binding and the local

geometry of the ligand binding center. Even though it is known that ligand
binding is strong at high Mg*" concentrations, less information is available for
ligand binding at lower and more physiological concentrations. Apart from the
crystal structure, the local geometry of the ligand binding pocket has thus far
not been investigated on an atomistic level. To gain more insights into these
questions, pulsed EPR hyperfine spectroscopy and substitution of diamagnetic
Mg*" with paramagnetic Mn®"T was used. More specifically, the local geometry
of the divalent metal ion binding sites was investigated with pulsed *C and 3'P
electron-nuclear double resonance (ENDOR) techniques. The binding of TC

via a Mn*" ion to the TC-aptamer was probed by correlating *C nuclei from
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13C-labeled TC to 3'P nuclei from the RNA backbone to the same Mn?" electron
spin. This required the use of novel two-dimensional hyperfine techniques such as
two-dimensional electron-electron double resonance detected NMR (2D EDNMR)
and triple hyperfine correlation spectroscopy (THYCOS) [34, 35]. The advantages
and disadvantages of both methods to investigate ternary paramagnetic Mn?**
complexes on an atomistic level were evaluated.

2D EDNMR and THYCOS are based on the electron—electron double res-
onance detected NMR (EDNMR) experiment. As the EDNMR technique is a
rather new pulsed hyperfine technique [36] and has so far only been applied at
higher magnetic fields, i.e., W-band (94 GHz), the applicability of EDNMR at
Q-band frequency was first verified in a proof of concept study. To this end,
Q-band EDNMR was performed and optimized on Mn?*" model systems, e.g.,
[Mn(H,0)6]*" and Mn®* ligated with '*C-enriched DOTA (Mn-"*C-DOTA).

The third aim of the thesis was to study the affinity of the additional divalent
metal ion binding sites and their importance for RNA folding. Although numerous
additional binding sites are resolved in the crystal structure, little is known
about their function and affinity. In the past, biochemical and thermodynamic
studies highlighted the importance of several nucleotides and secondary structure
elements [21, 22, 29-31]. However, none of theses studies draw a conclusion about
the affinity and function of the additional divalent metal ion binding sites. In order
to tackle these challenges, Mn?"-nitroxide PELDOR on a Mg®t /Mn*" substituted
and singly nitroxide-labeled TC-aptamer at different Mn®* concentrations in the
absence and presence of the ligand TC was performed. Binding affinities of the
additional Mn*" binding sites could be interpreted by comparing the distance
distribution probabilities of different binding sites at different divalent metal
ion concentrations in the presence and absence of the ligand TC to distances

extracted from the crystal structure.






Chapter 2

Principles and Theory

2.1 Spin Hamiltonian

2.1.1 Zeeman Interactions

EPR spectroscopy describes the magnetic interaction of an unpaired electron spin
S with the external magnetic field Bg vector, other electrons spins S or nuclear
spins /. Such interactions are described by a static spin Hamiltonian H, first
derived by Abragam and Pryce using perturbation theory [37]. The word “static”
refers to the fact that Hy only contains electron and nuclear spin coordinates and
furthermore does not include time-dependent external microwave (MW) fields.
Often, the electron Zeeman interaction H gz is the dominant interaction of H,.

It is given by

Hepz = BeBOQS/ha

(2.1)
= BeBo (gzsinfcospS, + g,sinfsingS, + g,cos0S.) /h,

where [, describes the Bohr magneton, g the g tensor and S the electron spin
vector operator. Sg, S, and S, describe the respective Pauli matrices and 6 and
¢ are the polar angles which describe the orientation of By with respect to the
g tensor molecular frame. The ¢ factor is a proportionality coefficient between
the experimentally measured and theoretically predicted magnetic moment from
the angular momentum of a spin. It can be an anisotropic or isotropic quantity

and is described by a 3 x 3 tensor. In its principal axis system, g is a diagonal
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matrix with the principal values g,, g, and g,. Equation 2.1 can be diagonalized

by a unitary transformation and rewritten as
Hpz = BeBogeysSz/h. (2.2)
In Equation 2.2, the orientation of the g tensor to By is now included in geyy:
Gers = (g2sin*Ocos e + ggsinQQSinzqﬁ + g2cos’0)V2. (2.3)

For Equation 2.2, the diagonal elements are equal to the eigenvalues and therefore

represent the energy levels of a S = 1/2 spin system:”

1
€a,p = igﬁeBogeff- (2'4)

Similar to Hgz, Hyz describes the interaction of a nuclear spin I with the

external magnetic field vector By:
Hnz = gnBnBol /N, (2.5)

where I describes the nuclear spin vector operator. For most EPR experiments,
the nuclear g value g, can be assumed to be isotropic, although this is strictly
speaking not true [38, p. 142]. Nuclear g values are intrinsic properties of the
nuclear species and can adopt positive and negative values. Due to its smaller
magnitude, Hyz typically does not affect the EPR spectrum (g1 = 1/658 X g.),

however, H 7 plays an essential role in hyperfine spectroscopy.

2.1.2 Hyperfine Interaction

The interaction of magnetic moments of electron and nuclear spins is described

by the hyperfine tensor A:
Hur = SAI = Sa;,, 1 + STI. (26)

A can be further separated into an isotropic “through-bond” component a;s,

(also called Fermi contact interaction) and a dipolar “through-space” interaction

12
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T'. In its principal axis system, A is described by three principal values. Within
the point dipole approximation (PDA), T is an axial and traceless tensor and A

can thus be described by only two independent variables a;q, and 7T':

A, Al -T
A= Ay M AL = Qiso + =T . (27)
A, A o

In principle, three more variables o, S and ~ are needed to describe the hyperfine
tensor A. «, § and ~ are Euler angles that transform the principal hyperfine
tensor frame into the molecular frame, which is often defined as the principal
frame of the g tensor. In cases where the principal frame of the g tensor and
hyperfine tensor are (almost) collinear, e.g., nitroxides [39], or the g tensor is
isotropic, e.g., Mn*" [40], o, B and v are all zero.

The isotropic hyperfine interaction a;s, is a measure for the probability of
the electron spin to be located at the nucleus:

ino = 2 20 0005 o O 23

where |Wy(0)]? is the electron spin density at the nucleus. Equation 2.8 suggests
that only electron spins located in a s orbital exhibit an isotropic hyperfine
interaction. However, many 3d° transition metal ions, e.g., Cr™, Fe*t, Mn?"
and Co'", show a rather pronounced isotropic hyperfine value. Configuration
interaction of 3s23d°® with 3s3d°4s as well as strong spin polarization of the inner-
filled 2s and 3s orbitals are reasons for strong isotropic hyperfine interactions of
the aforementioned transition metals with half-filled 3d orbitals [41, 42].

As a “through-space” interaction, the dipolar hyperfine coupling T' depends
on the distance r between a nucleus and the electron spin-containing atomic
orbital. In cases where > 0.25 nm, the PDA can be used to describe the dipolar

hyperfine tensor:

-1 =T

4k 73
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2.1. Spin Hamiltonian Chapter 2. Principles and Theory

pu stands for the electron spin density at the central ion. For positively charged
transition metal ions it is often justified to assume py; = 1. If a;, and T
are known, the spin population in ligand orbitals can be calculated using the
table by Morton and Preston [43]. Assuming an isotropic hyperfine coupling
of a;s, = 4 MHz for a first-coordination-sphere-coupled *'P-Mn?** nucleus, this
translates into 0.03 % spin population in the *'P 3s orbital (the isotropic hyperfine
interaction for a unit spin density in the 3s orbital is 13306 MHz [43]). The spin
population in a *'P 3p orbital can be obtained by multiplying the angular factors
for p orbitals (—2/5,—2/5,4/5) with the corresponding anisotropic hyperfine
parameter P, which were reported by Morton and Preston (917 MHz for *'P 3p
orbitals) [43]. For an experimentally measured value of 7' = 0.9 MHz, this yields
a spin population of 0.25% in the 3p orbital and thus a total spin population of
0.28 % on the *'P nucleus. In this case it is therefore justified to assume py; = 1.

In some cases, it is convenient to express the hyperfine interaction in the

laboratory frame. Hpypr then becomes
Hgr = SAI = AS,I, + BS,I,. (2.10)

Non-secular terms containing S, and S, are discarded due to assumption of
the high-field approximation. The quantities A = A,, and B = (/A2 + A2,
describe the secular and pseudo-secular term of the hyperfine interaction. They

are related to the principal values of A by the following equations:

A= AHCOSQH + A} 5in*0 = a5 + T(3c05%0 — 1) (2.11A)
,B = (A — Ay)sinfcosd = 3T sinbcosb. (2.11B)

Later on, A and B become important for predicting and understanding the nuclear
frequencies w, and wg and transition probabilities of allowed and forbidden

transitions (Section 2.4).

2.1.3 High-Spin Interactions

For electron and nuclear high-spin systems (S > 1/2 and I > 1/2), additional

interactions have to be considered. In case of electron spins, this interaction is
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Chapter 2. Principles and Theory 2.1. Spin Hamiltonian

referred to as the zero-field interaction. As the name suggests, the zero-field
interaction lifts the degeneracy of the electron spin manifolds, even at zero field.
One possible physical origin of the zero-field interaction is the spin-spin coupling
(SSC), in which two or more electron spins in the same paramagnetic spin center
are dipolar coupled. Another possibility is the spin-orbit coupling (SOC). Here,
different projections of the electron spin vector can couple in different magnitudes
to the orbital angular momentum of the ground and/or excited state, thus lifting
degeneracy already at zero field.

Organic triplet states (S = 1) and paramagnetic transition metal ions are
typically affected by a rather strong zero-field interaction. In a qualitative
perspective, the zero-field interaction describes the deviation from spherical
symmetry of the electron spin distribution. Therefore, all electron high-spin
systems will exhibit a zero-field interaction if the symmetry is lower than spherical.
For an axial symmetry or lower, the tensor notation of the zero-field interaction

takes the form
Hzp =SDS = D,S2+ D,S2 + D.S?, (2.12)

where D is the zero-field tensor and D,, D, and D, are its principal values. In
its principal axis system D is a diagonal and traceless tensor. As a consequence,
the zero-field interaction is averaged out at room temperature and fast tumbling
rates of the molecule. Equation 2.12 is sometimes referred to as a second-order
zero-field interaction because it contains the square of S;, Sy and S.. Equation

2.12 can be transformed into its commonly used mathematical formula
1 ‘
HZF:D{Sj—3S(S+1)}+E(s§—sg). (2.13)

D is the axial zero-field parameter defined as D = 3/2D, and F is the rhombic
zero-field parameter defined as £ = (D, — D,)/2. At axial symmetry D # 0,
E =0 and at rhombic symmetry D, E # 0. For electron high-spin systems with
S > 2, additional higher-order zero-field terms, i.e., fourth-order, have to be
considered [44, p. 437]:
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F
Hopn = ——
“ 180 (2.14)

x 3552 — 805 (S +1) §2 + 2852 — 65 (S +1) + 35 (S +1)*] .

The expression in Equation 2.14 is typically small in comparison to the second-
order zero-field expression, but they gain significant character for truly octahedral
or tetrahedral symmetries, as here D, E = 0. Equation 2.14 and the parameter F'
is not to be confused with the zero-field interaction for a purely cubic symmetry,

which also shows a fourth-order dependence and takes the form [44, p. 142]
lca | qa, qa_ L 2
Hapewe = ¢ | Sh+ 53+ St = S (S+1) (352 +35 - 1)} . (2.15)

a is referred to as the fourth-order or cubic zero-field parameter, as its part comes
into play only at truly cubic environments. For Mn?*-doped KNj salt, a was
found to be as large as 28 MHz [45]. In comparison to a (theoretical) high-spin
complex with no zero-field interaction, the presence of zero-field interaction leads
to a line broadening [46] and additional splitting of signals, since the different
allowed EPR transitions are no longer degenerate.

The nuclear quadrupole interaction is the nuclear spin analogue of the zero-
field interaction. It arises because every high-spin nucleus (I > 1/2) has a
non-spherical distribution of its nuclear spins. The deviation from spherical
symmetry is an intrinsic property of the nuclear species and is defined by the
nuclear quadrupole moment Q). @) couples with the electric field gradient (EFG)
tensor eq generated by the negative charge distribution of the surrounding
electrons. As a consequence, the orientation of the non-spherical nuclear charge
distribution with respect to the external electric field is energy-dependent. The
smallest energy is obtained for an orientation, in which the edges of a prolate
ellipsoid of the nuclear charge distribution (¢ > 0) are very close to the electron-
rich part of the external electric field [47, p. 96]. Consequently, a high energy is
obtained if the edges of the prolate ellipsoid are far away from the electron-rich
part of the external electric field. The orientation-dependent electrostatic energy

of a high-spin nucleus is then described by
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1 i
Hrgr = 6 Z ViiQij, (2.16)
1,]=x,Y,2
where V;; and @);; are the components of the EFG tensor eq and the nuclear
quadrupole moment. In the principal axis system of eq and by transforming @;;

into a formula where it only depends on @, I and I, Hy¢gr can be rewritten as

eqQ

21 BE-TU+1*)+n(2-1)], (217

Hyor =
where e is the elementary charge, eq is the electric field gradient parameter and
n is the asymmetry parameter of the nuclear quadrupole interaction [47, p. 97].
Similar to the zero-field interaction, eq and 7 are connected to the EFG tensor eq
by eq =V, and n = (V; — V,)/V.. In literature, the quantities e*’Qq/h and 7 are
often given to describe the nuclear quadrupole interaction. Relevant quadrupole
nuclei for Mn*"-based EPR are, inter alia, !N, O and *Mn. For these nuclei,
electric field gradient parameters of e2Qq/h = 4.3 MHz for "N [48], 6.0 MHz
for 7O [49] and 10.7 MHz or —2.7 MHz for *Mn [50] were measured. In EPR
spectra, the nuclear quadrupole interaction manifests itself as a slight shift in
resonance frequency for the allowed EPR transitions, which is difficult to observe
experimentally. The nuclear quadrupole interaction, however, can be detected
by pulsed hyperfine techniques. Here, Hygr leads to an additional splitting of
signals, since the different nuclear transitions of high-spin nuclei in one electron

spin manifold are no longer degenerate.

2.1.4 Weakly Coupled Electron-Dipole Interaction

In this work, coupled electron spins between two paramagnetic spin centers are
referred to as weakly coupled electron spins (for strongly coupled electron spins
see Section 2.1.3). Just as the hyperfine interaction, the weakly coupled electron-
dipole interaction can be divided into an isotropic “through-bond” interaction
(exchange coupling) and an anisotropic “through-space” interaction (electron

dipole-dipole coupling). This section only deals with the electron dipole-dipole
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interaction, as the exchange coupling is normally zero in biological systems. In

the tensor notation, the dipole-dipole interaction can be expressed as
Hags = S1d.Sy, (2.18)

where d is the electron dipole-dipole coupling tensor.

Equation 2.18 shows that its written out form contains terms with the products
of the different vector elements of S; and S, (“dipolar alphabet”). If the electron
Zeeman interaction is the dominant interaction (high-field approximation), H g

simplifies to

_ o 91925
4h 13,

Hdd

_ 2 (2.19)
8 lS”S?Z (3c0s*0 — 1) (S11:S2- + S1-S51) (11003‘)) |

where 715 is the magnitude of the vector connecting electron spins S; and S5
and S;; and S;_ describe raising and lowering operators, respectively. ﬁ% is
called the dipole-dipole coupling constant wgy. If the weak coupling limit applies
(w1 — wg >> wyq, where w; and wy describe the respective Larmor frequencies),
off-diagonal (pseudo-secular) elements can be neglected, further simplifying
Equation 2.19 to

2

Mo 919203; 2
Haa = 5 S, S, (3005 0 — 1) . (2.20)

The cosine term describes the orientation of 715 on a sphere with respect to By
(second Legendre polynomial). Under assumption of the PDA and in its principal

axis system, d in Equation 2.18 can now be written as

—1 —Wdd
—1 = —Wdd . (221)

2 2wdd

g Ho91925¢
4h 13,

waq is a traceless and axial tensor. Since wyq is inversely proportional to 73, it

can be used to obtain distance restraints in structural biology. If wy, is large
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(ri2 < 2nm), it can be directly extracted out of continuous wave (CW)-EPR
spectra of solids or frozen solutions [51]. For larger distances, however, more
sophisticated PDS techniques are required. If high-spin systems (S > 1/2) are
involved, pseudo-secular terms of H,4; can be sufficiently large so that they can
no longer be neglected [52, 53]. In addition, the zero-field interaction may lead

to a violation of the high-field approximation [54, 55].

2.2 The Nitroxide Spectrum (S=1/2, I=1)

EPR spectra of nitroxides (S = 1/2) in the solid-like state (powders or frozen
solutions) are characterized by the anisotropy of the g tensor and the anisotropy
of the hyperfine coupling to the "N nucleus (I = 1). The physical origin of the
nitroxide g tensor lies in spin-orbit coupling of the doublet ground state with
excited states, of which the lowest excited state corresponds to excitation of
an electron from an oxygen lone-pair orbital into the half-filled 7* orbital [56].
Typical principal values are g, = 2.0090, g, = 2.0040 and g, = 2.0021. As a
consequence of the aforementioned mechanism, the ¢, value is close to the value
of the free electron (g. = 2.0023), whereas g, and g, are increased [47, p. 26].

The "N hyperfine tensor of nitroxides is anisotropic and to a good approxi-
mation an axial tensor. Common principal values of the N hyperfine tensor
are A, = 20 MHz, A, = 20MHz and A, = 90 MHz.

Figure 2.1 shows simulated EPR spectra with the abovementioned g and "N
hyperfine tensors using the MATLAB toolbox EasySpin [57]. The spectral width
at X-band and Q-band frequencies is mainly determined by the "N hyperfine
splitting. The “central” electron transition (m; = 0) is only affected by the
anisotropy of the g tensor and therefore has the smallest spectral width at X-band
frequencies. For the high-field transition (m; = —1), the anisotropy of the g and
YN hyperfine tensor act in the same direction, as a consequence the allowed
EPR transition with m; = —1 has the largest spectral width. The opposite holds
true for the low-field transition (m; = +1).

At X-band frequencies, the spectral width of the g tensor decreases in com-

parison to the N hyperfine tensor at Q-band frequencies. This is indicated by

19



2.2. The Nitroxide Spectrum (S=1/2, I=1) Chapter 2. Principles and Theory

the colored strips (principal values of A) and the black lines in each of the central
strips (principal values of g) in Figure 2.1A and 2.1B. Subsequently, X-band
nitroxide spectra offer the advantage that only a specific orientation of spins can

be excited.

X-band (9.4 GHz) Q-band (34 GHz)

A Il A M

Y N

-100 -50 0 50 100 150 -100 -50 O 50 100 150 200
Av /| MHz Av / MHz

Figure 2.1: Simulated nitroxide field-sweep spectra using the MATLAB toolbox
EasySpin [57] at X-band (9.4 GHz) and Q-band frequencies (34 GHz). The different
allowed EPR transitions (|mg = £3,my) > |[F3,m)) are shown as dashed lines. A
schematic splitting of A;, A, and A, is indicated by red, green or blue strips. The
black lines in the middle of the central strips represent either g, g, or g.. Orientation
spheres were simulated with an excitation bandwidth of 28 MHz, which corresponds to
a 32ns long rectangular pulse. Excited orientations were calculated for offsets of —40,
—50, —60, —70, —80 and —90 MHz (X-band) and 50, 100 and 150 MHz (Q-band).

The orientation spheres in Figure 2.1A with offsets of —40, —50, —60, —70,
—80 and —90 MHz only show a contribution of the A, component of the hyperfine
tensor (at least for larger offsets). On the contrary, Q-band orientation spheres
with offsets of 50 and 100 MHz are characterized by an admixture of the A,
component to the A, component. For an offset of 150 MHz, the admixture of

A, becomes negligibly small, however, experimentally these regions are rather
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difficult to sample, as less spins are affected by the MW pulses. Excitation of
specific orientations of the nitroxide spectrum is an important prerequisite for
performing orientation-selective PELDOR measurements (Chapter 2.6).

Typically, little or no information can be obtained from pulsed nitroxide
field-sweep spectra alone (Figure 2.1) that is relevant for structural biology.
CW-EPR nitroxide field-sweep spectra, can be used to obtain distance restraints
if the investigated distance is rather small [51]. In addition, the principal values
of the g and "N hyperfine tensor are very sensitive to the polarity of the solvent
and hydrogen bonding [58]. Changes of the principal values of the g and "N
hyperfine tensor due to polarity and hydrogen bonding can be investigated using
(high-field) CW-EPR [59]. CW-EPR is also suited to study rotational correlation
times of nitroxides [47, p. 289].

2.3 The Mn*" Spectrum (S=5/2, I=5/2)

EPR spectra of Mn*" ions (d5 ion, [Ar]3d5) are characterized by the large hyper-
fine interaction of the Mn®* electron spin (S = 5/2) to the *Mn nucleus (I = 5/2,
100 % natural abundance). Due to a strong spin polarization and almost spherical
distribution of electron spins, the hyperfine interaction is mainly isotropic with a
negligibly small dipolar character. For octahedral Mn®" complexes, the hyperfine
coupling is as large as =~ 260 MHz. The sign of the hyperfine coupling, which
cannot be determined with conventional pulsed hyperfine methods, is always
negative [42].

In the gaseous phase, Mn*" has a perfect spherical distribution of electron
spins (no zero-field interaction) and an orbital singlet state ground configuration
(6S) with no orbital angular momentum. In the condensed phase, the orbital
singlet state character is largely conserved, hence the ground state becomes
64, in a crystal field with octahedral symmetry. Due to zero orbital angular
momentum of the ground state and a rather high energy barrier to excited states,
which effectively attenuates spin-orbit coupling with these states, the g tensor
is nearly isotropic and close to the value of the free electron. In addition, the

absence of any spin-orbit coupling in the ground state and the negligibly small
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admixture of excited states with non-zero orbital angular momentum eliminates
the relaxation mechanism via spin-orbit coupling (Kronig mechanism) [60]. As a
consequence, Mn?" ions are characterized by a rather narrow line width, which

even allows to detect Mn®* signals at room temperature using CW-EPR [61].

Spherical symmetry Axial symmetry

-5/2

+5/2

+5/2

-5/2
-5/2

+5/2
+5/2

-5/2 -5/2

+5/2 +5/2

+5/2 +5/2

-5/2 -5/2

+5/2
+5/2

-5/2
+5/2

-5/2

+5/2

-5/2

- 52
zero-field high-field hf-splitting zero-field high-field hf-splitting

Figure 2.2: Spin ladder diagram for a Mn?" ion with spherical symmetry (gaseous
phase, no zero-field interaction) or rhombic symmetry (condensed phase, D, E # 0). A
positive ®>Mn g,, value and a negative hyperfine coupling constant were assumed.

Due to an electron spin of S = 5/2, a Mn*" ion possesses 6 electron spin
manifolds. Coupling to the *Mn nucleus with I = 5/2 leads to a splitting of
each electron spin level into 6 energy states, resulting in 36 energy states and
30 allowed EPR transitions. For perfect spherical symmetry, the allowed EPR
transitions between different electron spin manifolds are degenerate. In such a

case, one would only observe 6 EPR signals (five-fold degeneracy, Figure 2.2,
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left). This scheme is not a bad description for the the manganese hexaaqua
complex ([Mn(Hy0)g)*"). Here, 6 rather sharp CW-EPR signals in the liquid
state and at room temperature are observed, which are a superposition of 5
almost degenerate allowed EPR transitions (Figure 2.3A). The near-degeneracy
is due to rapid tumbling and the high symmetry of [Mn(H,O)g]*".

mg,m> &|mg+1,m>
- - - mg=-52
— — - mg=-3/2
——————— mg=-1/2
rrrrrr mg=+1/2

0 1 2 3 4
Av / GHz

Figure 2.3: A) First ever published CW-EPR field-sweep spectrum of [Mn(Hz0)g]*"
recorded at 306 K and X-band frequencies by Cohn and Townsend from 1954. Reprinted
with permission from Ref. [61], © Springer Nature, 1954. B) Simulated EPR field-sweep
spectrum of a Mn?* complex at Q-band frequencies and 5K. An isotropic g value
of giso = 2.003 88, an isotropic hyperfine coupling of a;s, = —269 MHz and an axial
zero-field interaction of D = 500 MHz with a D-strain of 1000 MHz were assumed.
Different allowed EPR transitions are shown as blue lines.

For [Mn(H,0)s)*", the almost perfect octahedral symmetry (D = E = 0)
eliminates yet another electron spin relaxation mechanism (spin relaxation via
zero-field splitting). Spin relaxation via the quadratic terms of the zero field
interaction (Equation 2.15) yields a theoretical smaller line width than observed
for the experimental line width of [Mn(H,0)¢]*". Tt is therefore believed that
fluctuations in the zero-field interaction due to molecular collisions are the major
source of electron spin relaxation for solvated d5 ions with octahedral symmetry
(62, p. 329].

For [Mn(H,0)¢]*" (and Mn®* complexes in general), the EPR line width
at room temperature is not only influenced by the electron spin relaxation

time, but also by the large hyperfine coupling, which makes it a necessity to
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take into account the non-secular terms of the hyperfine tensor. Second-order
perturbation yields the resonance fields of the different allowed EPR transitions
(|mg, mr) « |mg & 1,mz)) for Mn*" in the liquid state [62, p. 330]:

hw h a? h
ge—;@—aisoamf {1(I+1)—m§+m1 (2m3+1)}, (2.22)

20}06@
where wy is the spectrometer frequency. Equation 2.22 shows that the second-

Bres =

order term lifts the degeneracy of the allowed EPR transitions. However, the
spectral resolution of EPR is typically not sufficient to resolve these different res-
onance fields. Instead, the typical 6-line Mn** splitting is no longer equidistantly
spaced and each EPR signal is inhomogeneously broadened to a different degree.

Pulsed EPR experiments on Mn*" are routinely performed at cryogenic
temperatures of 7' < 10 K to enhance the signal-to-noise ratio (SNR) by increasing
the transverse relaxation time. In the solid-like state (powder or frozen solution),
the zero-field interaction no longer averages out and therefore has a direct
influence on the spectral shape of the EPR spectrum. Fortunately, the resonance
fields of the EPR transitions of the type |mg, m;) <> |mg £ 1,m;) exhibit a
different dependency on the zero-field interaction for different mg values. This
was shown by perturbation theory up to third order [46, 63]. However, the
different dependencies on the zero-field interaction are already apparent in the

first-order terms:

1 1 Ay h
B +— — = — — Uiso— 2.23A
o (I ) & g ) = 25— g, 22
1
Bres (|ig7ml> < |j:27m]>> - @ - aisoﬁml
geﬁe 66 (223B)
5e [ (300329 — 1) + 3Esm290032¢}
hw h
B’res (|i27ml> <~ H:zam]>> - 70 — QoM
96/86 56 (223C)
56 {D (300320 — 1) + 3Eszn2¢900$2¢}

As can be see from Equation 2.23A; the first-order perturbation theory expression

of the central electron transition does not exhibit any zero-field interaction
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dependency. The outer electron transitions, however, exhibit an anisotropic
(0- and ¢-angle) dependency of the zero-field interaction (Equation 2.23B and
Equation 2.23C). As a consequence, the outer electron transitions are typically
rather broad, whereas the central electron transition is characterized by six
relatively sharp signals due to the hyperfine interaction of the *Mn nucleus
(Figure 2.3B). A distribution of the zero-field interaction parameters, so called D-
and F-strains, lead to an additional broadening of the outer electron transitions.
It should be noted that the central electron transitions exhibits a higher-order
dependency on the zero-field interaction [46, 63]. These dependencies decrease
with the square of the external magnetic field. Higher magnetic fields will
therefore give narrower Mn?* EPR lines.

Although the magnitude of the **Mn hyperfine coupling is dependent on the
type of the ligand, the solvent and the pH value, these changes are typically
rather small and are therefore difficult to observe in Mn?*t EPR field-sweep
spectra (see also Section 3.1). Instead, the “signature interaction” of Mn** EPR
field-sweep spectra is normally the zero-field interaction, which strongly depends
on the ligands and the spatial distribution of the d5 electrons. The zero-field
interaction parameter D is known to adopt values ranging from almost 0 MHz
([Mn(H50))*") up to 7 GHz (Mn** FosA complexes) [64].

It should be noted that EPR spectra of different Mn*" species, i.e., RNA-
bound Mn?* and “background” Mn** ([Mn(H0)s]*"), can be hard to distinguish
with pulsed EPR at cryogenic temperatures, as the g value and the hyperfine
coupling are in most cases very identical. The experimentally observed line width
(zero-field interaction amongst other) is then a combination of the individual
zero-field interactions of the two species, which is difficult to entangle.

Most pulsed Mn®" experiments are performed with the magnetic field set
to one of the six central hyperfine transitions. On the one hand this yields the
best SNR, on the other hand it minimizes the influence of the zero-field and
quadrupole interaction and the outer electron transitions, which can severely

hamper data analysis.
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2.4 Nuclear Frequency Spectra

Often, the hyperfine coupling of coupled electron and nuclear spins is obscured by
the inhomogeneous EPR line width. In such cases, the hyperfine coupling can be
studied by observing nuclear frequencies with pulsed EPR hyperfine spectroscopy.
This section will therefore describe characteristics of nuclear frequency spectra,

which can be obtained by pulsed hyperfine spectroscopy techniques.
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Figure 2.4: A) Energy level diagram (|mg, mr)) of a weakly coupled S =1/2, I =1/2
model system. Allowed EPR transitions (w3, wey), allowed NMR transitions (wi2,
wsq) and forbidden transitions (w14, wes) are indicated. B) Vector representation of
the effective nuclear quantization axes in the electron « spin (w12) or electron 3 spin
manifold (ws4). wﬁf and w:@{ describe the effective hyperfine fine axes in the different
electron spin manifolds. Both figures assume a positive nuclear Larmor frequency
(wr > 0 and therefore g, < 0) and positive secular and pseudo-secular hyperfine
coupling parameters (A, B > 0).

A S =1/2, I =1/2 model system as shown in Figure 2.4A consists of two
allowed EPR transitions (Amg = £1), two allowed NMR transitions (Am; = £1)
and two “forbidden” transitions (Amg = £1, Am; = +1). In this case, the
spin Hamiltonian contains the electron Zeeman interaction, the nuclear Zeeman

interaction and the hyperfine interaction:

_ BeBogSz + BnBognIz

AS.I, + BS.I,. 2.24
n P + (2.24)

Ho

If one assumes an isotropic electron and nuclear Zeeman interaction and considers

only the secular and pseudo-secular parts of the hyperfine interaction, the matrix
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representation of Equation 2.24 can be diagonalized to obtain the eigenvalues.
Diagonalization is achieved by rotating « electron spin matrix elements around
angle 7, and /3 electron spin matrix elements around angle 73 (unitary transfor-
mation). 7, and 7g are the branching angles and describe the quantization axis
of the nuclear spin in the electron « or [ spin state.

The quantization axes wiy and wsy shown in Figure 2.4B are a vector sum
of the nuclear Larmor frequency vector w; and the hyperfine vectors w?zf and
wgic . The hyperfine vectors w?zf and wgf are, in turn, the vector sum of +A4/2
and £B/2. The nuclear quantization axes therefore describe the deviation
(“branching”) from the z-axis of the laboratory frame due to the pseudo-secular
part of hyperfine coupling (Figure 2.4B). Consequently, the branching angles can

be expressed as [38, p. 60]

-B

Na = arctan (14—'_20‘}[) 3 (225A)
-B

7]5 = arctan (14_2M) y (225]3)

where w; describes the angular nuclear Larmor frequency. 7, and 73 can be

combined to yield the angle 7:

n= Nla — 115 ; nﬁ. (2.26)

Diagonalization of Equation 2.24 yields four eigenvalues and eigenfunctions,

which can be used to obtain the two nuclear frequencies w, and wg:

A 2 B2 1/2

Wo = |wia| = (wl + > +— (2.27A)
2 4
A 2 BZ 1/2

wp = |wiz| = [(WI - 2) + 41 : (2.27B)

Equations 2.27 can also be expressed as a function of the principal values of A

(assuming an axial tensor):
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- AN A2 11/2
Wo = (cuI + ;) sin®0 + (w; + 2“) cos’0| | (2.28A)

[ AN AN L1
wg = (wl - ;) sin*0 + <w1 - 2) cos*| . (2.28B)

Electron spin transitions can be excited, if a linearly polarized electromagnetic
wave with the correct frequency wyw is applied along the transverse plane of
the laboratory frame. In the Hamiltonian picture, transverse application of
MW pulses are described by a time-dependent “oscillatory” Hamiltonian of the
form H,(t) = 2wy Sycos(wpywt + ¢). By converting H; into the eigenbasis of the
static Hamiltonian given in Equation 2.24, the oscillatory Hamiltonian becomes
a function of n [38, p. 63]. The transition amplitude a;; of a transition between
the energy level ¢ and j is given by a;; = (¢; | H1 | ¢;), where ¢; and ¢; describe
the respective eigenfunctions. Since the eigenfunctions and H; can be expressed

as a function of 7, a;; needs to be proportional to n as well:

13 X W1COST, Aoy X W1COST, (2.29A)

A14 X —W1SINT), Agq X W1SINT, (2.29B)

where w; describes the amplitude of the applied MW pulse. Consequently, the
transition probabilities of the allowed and forbidden transitions (I, and If) are
defined as

w? — L (e — wp)®
I, = cos’n = ‘ ol ?) ‘, (2.30A)
Walp
w? — L (W, + wp)?
I; = sin’y = |7~ p) ‘ (2.30B)
Walp

with 17 4 I7 = 1. Some important conclusions can be drawn from the aforemen-
tioned equations. Firstly, Equation 2.25 and Equation 2.26 show that n is zero
at the canonical orientations (A, Aj) and if the hyperfine coupling is purely

isotropic. In such a case, the transitions probabilities of the forbidden transitions
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become zero as well. Secondly, Equations 2.27 and Equations 2.30 show that the
nominator in Equation 2.30A increases with increasing magnetic fields, whereas
the nominator of Equation 2.30B stays essentially constant. Therefore, the
transition probabilities of forbidden transitions decrease with higher magnetic
fields. Thirdly, it can be deduced that nuclei with a smaller nuclear Larmor
frequency exhibit a larger transition intensity for the forbidden transitions, i.e.,
1;("*C) > I;('H) if one assumes the same magnetic field and identical hyperfine
coupling parameters.

Nuclear frequency spectra can be simulated by calculating the resonance
frequencies and transitions intensities (allowed or forbidden) of all orientations.
The transition intensities are then weighted by sinf and each resonance frequency
is further convoluted with a Gaussian, accounting for an inhomogeneous line
broadening. Summing over all orientations then yields the nuclear frequency
spectra for a disordered S = 1/2, I = 1/2 system.

Figure 2.5 shows that disordered nuclear frequency spectra can be divided
into three regimes - the weak coupling regime, the strong coupling regime and
the cancellation regime. In the weak coupling regime (|A¢f¢| < 2wy), the two
signals of the two nuclear transitions are centered around the nuclear Larmor
frequency wy, and split by the effective hyperfine coupling A.¢y, which is a
combination of a;s, and T'. Depending on whether a;,, is smaller or larger than
T, the nuclear frequency spectra in the weak coupling regime will look different.
This is exemplified by the two nuclear frequency spectra at the bottom of Figure
2.5 (left), where the Pake doublets either overlap or do not overlap. For nuclear
frequency spectra of the forbidden transitions, the difference between a;s, > T
and a;s, < T is not pronounced. This is because for forbidden transitions the
Pake doublets become distorted, i.e., for 8 = 45° the forbidden transitions have
a maximum transition probability and for § = 0°,90° the transition probability
becomes zero. For allowed transitions, the transition probability is close to one
for all orientations, thus resulting in a typical Pake pattern. At Q-band, the
weak coupling condition is fulfilled for most ligand nuclei coordinating to Mn*"
ions, e.g., 'H, 3P, 3C, MN, PN.

The strong coupling regime is met when |A.f¢| > 2w;. The two signals of the

two nuclear transitions are then centered around half of the effective hyperfine
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coupling A.r; and split by twice the Larmor frequency w;. Nuclear frequency

spectra of the *Mn nucleus typically lie in the strong coupling regime.

k a,, = 38 MHz &

a.,=25MHz | _
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Figure 2.5: Simulated disordered nuclear frequency spectra for different combinations
of the isotropic and dipolar hyperfine coupling constants a;s, and T'. a;s, was varied and
a dipolar component of T' = 1.1 MHz and a nuclear Larmor frequency of vy = 12.85 MHz
was used. A FWHM of 0.1 MHz was used for the Gaussian line broadening. The
left side shows nuclear frequency spectra when allowed NMR transitions are excited
(Amy = £1). The right side shows nuclear frequency spectra when forbidden transitions
are excited (Amy, Amg = +1). Red powder spectra correspond to nuclear transitions
in the « electron spin manifold, green powder spectra correspond to nuclear transitions
in the /8 electron spin manifold (wi2 and wsy in Figure 2.4A). If the SNR and the
ENDOR line width permits, the principal values of the hyperfine tensor can be extracted
from nuclear frequency spectra when allowed NMR transitions were exited.

In the cancellation regime, the hyperfine field cancels the nuclear Zeeman
field (|Aefs| = 2wy). Then, nuclear frequencies in one electron spin manifold

become independent of the angle 6. This yields a narrow, dispersion-free signal
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close to a nuclear frequency of zero. Nuclear frequencies in the other electron

spin manifold remain a function of 6 (Figure 2.5, second row from the top).

Nucleus I  Abundance / % Jn vrat 1.2T / MHz

'H 1/2 99.9885 5.5857 51.09
’H 1 0.0115 0.8574 7.84
B3C 1/2 1.07 1.4048 12.85
MN 1 99.632 0.4038 3.69
N 1/2 0.368 -0.5664 5.18
e 5/2 0.038 -0.7575 6.92
*Na 3/2 100 1.4783 13.52
sp 1/2 100 2.2632 20.70
Cl 3/2 75.78 0.5479 5.01
el 3/2 24.22 0.4561 417
PK 3/2 93.258 0.2610 2.39
1K 3/2 6.730 0.1432 1.31
**Mn 5/2 100 1.3813 12.64

Table 2.1: List of NMR-active nuclei relevant for the work presented within this thesis.

Table 2.1 show a list of NMR-active nuclei that are relevant for the work
presented in this thesis. The last column shows the nuclear Larmor frequencies at
Q-band frequencies (1.2T, 34 GHz). As the Larmor frequency is proportional to
the applied magnetic field, higher magnetic fields give a better spectral resolution
for different nuclear species. For example, the Larmor frequencies of 2*Na and
13C have a difference of only Av = 0.7 MHz at Q-band frequencies, which would
make it a challenging task to entangle these two nuclei at Q-band with pulsed
ENDOR or EDNMR techniques. At higher magnetic fields, such as J-band (9.4 T,
263 GHz), the difference of the Larmor frequencies increases to Av = 5MHz.
Although *°Mn has a similar Larmor frequency to **Na and '*C, **Mn will not
interfere with weakly coupled **Na and '*C ligand nuclei, since the *’Mn nucleus
is strongly coupled to the Mn?" electron spin and nuclear *Mn signals therefore

resonate at nuclear frequencies of v,,,. > 100 MHz at Q-band frequencies.
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2.5 Pulsed Hyperfine Techniques

The previous section described the underlying theory of nuclear frequency spec-
tra. The following part describes different characteristics of pulsed populations-
transfer hyperfine techniques to obtain nuclear frequency spectra by either
exciting allowed NMR or forbidden transitions. Firstly, conventional and (well)
established one-dimensional hyperfine methods are described. Secondly, more
sophisticated and comparatively new two-dimensional population-transfer pulsed
hyperfine techniques are detailed. The work presented in this thesis did not
utilize coherence-transfer hyperfine techniques such as electron spin echo en-
velope modulation (ESEEM) and hyperfine sublevel correlation spectroscopy
(HYSCORE). These experiments are therefore not further mentioned in this
section, although they play an important role in pulsed EPR applications [65].

2.5.1 Pulsed ENDOR

ENDOR was the first method to investigate hyperfine couplings - CW-ENDOR
was published by George Feher in 1956 [66]. Nowadays, CW-ENDOR has
been replaced by pulsed ENDOR techniques. Pulsed ENDOR features a better
spectral resolution than CW-ENDOR and therefore also allows to observe weakly
coupled ligand nuclei. In addition, pulsed ENDOR does not rely on a critical
ratio between electron spin and nuclear spin relaxation rates. As a consequence,
pulsed ENDOR tolerates a more flexible temperature range, since relaxation rates
do strongly depend on the temperature. Pulsed ENDOR is also less susceptible
to baseline distortions and signal artifacts, which is due to the fact that pulses
are turned off during signal acquisition. Finally, pulsed ENDOR offers the
advantage that pulses enable for a more sophisticated manipulation of spins and
the hyperfine coupling.

Today, two pulsed ENDOR methods exist, which are complementary in its
application. The Mims ENDOR sequence, first proposed by William Mims in
1965, is best suited for rather small hyperfine couplings (A.ss < 2MHz) [67]. In
1974, Roy Davies published a second pulsed ENDOR experiment, subsequently
dubbed Davies ENDOR, which is best suited for large hyperfine couplings [68].
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Despite the differences, the principle of Mims and Davies ENDOR is identical:
A MW channel (detection channel) is used to monitor the intensity of an allowed
EPR transition (w;3 or wyy in Figure 2.4A). In a second channel, the frequency of
a radio frequency (RF) pulse is varied systematically and every time the RF pulse
is on-resonance with a nuclear transition (wjs or wsy in Figure 2.4A), nuclear
spin population is transferred to the less-populated nuclear spin manifold. The
transfer of nuclear spin population is observed as an increase or decrease of the

intensity of the spin echo in the MW channel.

Figure 2.6: Davies ENDOR (A) and Mims ENDOR (B) pulse sequences. In both
experiments, the frequency of the RF pulse is varied systematically. The spin echo is
therefore monitored as a function of the RF. In Davies ENDOR, the detection channel
consists of a selective m pulse and a Hahn echo sequence. In Mims ENDOR, the
detection channel consists of a non-selective stimulated echo sequence.

A Davies ENDOR experiment (Figure 2.6A) starts with a selective 7 pulse,
that inverts the population of only one of the EPR transitions shown in Figure
2.4A. A single transition operator, i.e., acting only on transition (13), can be

expressed as follows [38, p. 125]:
(13) (e’ 1
Sy =S, 1% = 55'95 +S,1.. (2.31)

Single transition operators can be stripped down into a linear combination of
the operators S, and 2S,1,, as was shown by Sgrensen et al. [69]. Expressed
as rotations, which makes it possible to calculate the density operator ¢ using

product operator formalism, this yields [69]
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~1lg, Bs, +895,1, 1g
o (t;) =2 o (ty), (2.32)

where o (¢;) describes the density operator before the selective pulse, and o (ty)
describes the density operator after the selective pulse. Using Equation 2.32,
it is possible to calculate the density operator at any time ¢ during a Davies
ENDOR experiment.

The first MW pulse (75,1%) creates 25,1, magnetization (Figure 2.7). In
a next step, a selective RF pulse (BrpS®I,;) acts on the spin system. If the
pulse is perfectly on-resonance with an allowed NMR transition (Bgr = m), this
creates longitudinal nuclear magnetization (I,). If the pulse is off-resonance
(Brr = 0), the net magnetization obviously stays as before (25,1,). At the end,
the Hahn echo sequence transforms the 25,1, magnetization with two successive
applications of Equation 2.32 into transverse —S, magnetization. For an on-
resonance RF pulse, the Hahn echo sequence and its product operators have no

effect on the I, magnetization. In such a case, zero echo intensity is detected.
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Figure 2.7: Evolution of spin population during a Davies ENDOR experiment for the
model system that was introduced in Section 2.4.

An general ENDOR efficiency can be defined, which is a function of the echo

intensity for an on-resonance and off-resonance RF pulse, respectively:
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‘/;cho (On> - ‘/echo (Off)
2‘/;cho <0ff) ’

Frnpor = (2.33)
where V., describes the echo intensity. For hyperfine couplings of A.r; £ 2 MHz,
an inversion pulse can be considered selective if a pulse length of 100 ns or longer
is used. For smaller hyperfine couplings, the length of the inversion pulse must
be increased in order to maintain its selectivity. Increasing the length of the MW
pulse, however, strongly affects the SNR since less spins are excited. Therefore,

Davies ENDOR is not well suited to investigate small hyperfine couplings.
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Figure 2.8: Evolution of spin population during a Mims ENDOR experiment for the
model system that was introduced in Section 2.4. I' indicates longitudinal relaxation
processes, that can become significant if the interpulse delay T between the RF pulse
and the third § pulse gets increased.

The method of choice for detecting small hyperfine couplings is the Mims
ENDOR technique (Figure 2.6B). A Mims ENDOR, experiment starts by ap-

™

plying two non-selective 7 pulses, which are separated by an interpulse delay
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7. Application of product operator formalism for the two 7 pulses yields four
magnetization operators, namely S,, —2S5,1,, —S, and —25,1,. The first term
typically “survives” the time during which the RF pulse is applied, it is, however,
not affected by the RF pulse. Therefore, the S, term does not need to be
considered for detection with the stimulated Hahn echo. The second and third
term ideally decay during application of the RF pulse due to electron transverse
relaxation processes. The fourth term is identical to the spin operator that was
created in a Davies ENDOR experiment (besides the sign).

Application of a perfectly on-resonance and selective RF pulse (7.5%I,) on
—28S. 1, magnetization yields only I, magnetization (Figure 2.8), which cannot
be detected by the third MW pulse. Subsequently, an on-resonance RF pulse
yields zero echo intensity. A perfectly off-resonance RF pulse (6gr = 0) does not
alter the —25. I, magnetization (Figure 2.8). The third 7 pulse transforms the
longitudinal 2-spin product operator into antiphase magnetization (S,1,), which
evolves into detectable S, magnetization during the second interpulse delay 7

(positive stimulated Hahn echo).
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Figure 2.9: Polarization grating across a narrow EPR line after the second § pulse of
a stimulated echo sequence, i.e., a Mims ENDOR experiment.

Due to the interpulse delays in a Mims ENDOR sequence, the product
operators shown in Figure 2.8 become modulated by the factors cos (“’%7),
sin (%7), cos (2s7) and sin (Q257). As a consequence, the first two 7 pulses
create a polarization grating, of which the mesh size is defined by the interpulse

delay 7 (Figure 2.9). For large 7 values, the individual spin packets in the
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transverse plane have more time to accumulate a phase ¢. Hence, this yields a
tighter mesh size. If a spin packet vector is completely aligned along the z-axis
after the first interpulse delay, the second 7 pulse (coming from the z direction)
has no effect on this particular spin packet. These spin packets consequently
describe the zero crossings in the polarization grating.

If the RF pulse excites a nuclear transition of a spin packet, of which the
effective hyperfine coupling A.ss is equal to Ay = 2 with n =0,1,2,... (Aess
in MHz, 7 in us), this “shifts” the polarization grating by exactly one oscillation
along the x-axis. In such a case, the polarization grating after the RF pulse is
identical to the polarization grating before the RF pulse. Therefore, the ENDOR
efficiency Frnpor Will be zero, even if the RF pulse is perfectly on-resonance

with a nuclear transition. For Mims ENDOR, Fgypor is defined as

1
FMims (aisoa 7_) = 587;712 (aiso'fﬂ_) . (234)

Plotting of Equation 2.34 yields the Mims ENDOR blind spot function, from
which Mims ENDOR intensity minima (blind spots) and maxima can be read
out. Figure 2.10A shows that for small hyperfine couplings long 7 values have to
be used. Long 7 values can, however, compromise the SNR due to transverse
relaxation. For large hyperfine couplings, short 7 values have to be used. At Q-
band frequencies the length of protection gates, prevents the use of 7 values lower
than 100 ns. In an intermediate regime, Mims ENDOR spectra with different 7
values can be summed with the goal of averaging out the blind spots.

As already mentioned, a prerequisite for a successful Davies ENDOR experi-
ment is a selective inversion pulse. If the pulse is not selective, the population
of both EPR transitions is inverted and S, magnetization is created, which is
not affected by the RF pulse. For a given pulse length ¢, of the inversion pulse,
small hyperfine couplings will be partially suppressed if a;5t, =75 < 1 (units in
MHz and ps, respectively), where g is the Davies ENDOR selectivity parameter
[70]. The intensity inside this suppression hole is described by [71]

1.4aisotp
X 3 -
0.72 + (aisotp)

FDavies (aism tp) (235)
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Figure 2.10B shows Equation 2.35 plotted as a function of the hyperfine coupling
constant a;s,. For shorter time lengths of the inversion pulse, the central hole
gets broader and more hyperfine couplings are suppressed. Vice versa, a long
inversion pulse suppresses only a rather small range of hyperfine couplings. The
ability to suppress certain hyperfine couplings by controlling the length of the

inversion pulse is sometimes referred to as hyperfine contrast selectivity.
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Figure 2.10: Blind spot (intensity) functions for Mims ENDOR (A) and Davies
ENDOR (B) as a function of the hyperfine coupling a;s,. The Mims ENDOR blind
spot function is shown for different 7 values, the Davies ENDOR blind spot function
is shown for different pulse lengths ¢, of the inversion pulse.

Since the publication of the original Davies and Mims ENDOR sequence,
several other and more sophisticated ENDOR techniques have been published,
that allow for a more thourough investigation and manipulation the hyperfine
coupling. A description of these techniques is, however, beyond the scope of
this work. For further reference, the reader is referred to the monograph by
Jeschke and Schweiger [38, ch. 12]. Only two ENDOR modifications will be
briefly explained, since these experiments were used in one publication that is
part of this cumulative thesis (Section 3.2).

With the original Davies and Mims ENDOR sequences, it is typically not
possible to extract information about the sign of the principal values of A. A
remedy is to perform ENDOR experiments on the outer electron transitions of
paramagnetic spin centers with S > 1/2, i.e., Mn*". For a high-spin system
with S > 1/2 and an isotropic hyperfine coupling, Equation 2.28A and Equation
2.28B simplify in a first approximation to

38



Chapter 2. Principles and Theory 2.5. Pulsed Hyperfine Techniques

Wing = |Mstiso — wi] . (2.36)

Equation 2.36 shows, that nuclear frequencies are only centered symmetrically
around the nuclear Larmor frequency, if the central electron transition is excited
(Ims = £1/2,m;) <> |F1/2,ms)). If an outer electron transition is excited, the
nuclear frequencies appear on either the left-hand side or the right-hand side
of the nuclear Larmor frequency [72]. Since the sign of the Larmor frequency
wy and the electron spin magnetic quantum number mg are known, the nuclear
frequencies can be used to calculate the sign of the isotropic hyperfine coupling.
For Mn?" systems, outer electron transitions are excited if the magnetic field is
set to the low field or high field edge of the Mn*" EPR spectrum. Due to the
strong Boltzmann polarization at cryogenic temperatures, mainly outer electron
transitions with mg = —5/2 and mg = —3/2 are excited at these magnetic field
positions.

For rather small hyperfine interactions, it can be sometimes difficult to
determine magnitude and sign of the dipolar and the isotropic contribution.
Especially when large parts of the powder spectrum appear close to the nuclear
Larmor frequency and are therefore obscured by the central Mims ENDOR
blind spot, it can be a cumbersome process to entangle the dipolar and the
isotropic part. A good example are the simulated nuclear frequency spectra
with 7' = 1.1 MHz, a;s, = 2MHz and T' = 1.1 MHz, a;s, = 0.5 MHz in Figure
2.5, which would look almost identical after convolution with a Mims ENDOR
blind spot function. If the SNR permits, ENDOR on outer electron transitions
is able to distinguish between these two cases. For a;s, > T', the Pake patterns
of both nuclear transitions will completely appear on either the right-hand side
or left-hand side of the nuclear Larmor frequency. For a;s, < T, the powder
spectrum will still be asymmetric with respect to the nuclear Larmor frequency.
However, the Pake patterns are now no longer confined to only one side of the
nuclear frequency spectrum. For example, parts of the “shoulder” of the Pake
pattern would appear on the left-hand side of the spectrum, whereas the “horn”

of the Pake pattern would appear on the right-hand side of the spectrum.
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Another possibility to distinguish the nuclear transition in the |mg = ()
manifold from the nuclear transition in the |mg = «) manifold is to perform a
variable mixing time Mims ENDOR (VMT Mims ENDOR) experiment. In such
an experiment, the time 7 (mixing time, 7" = t,,,;,) between the RF pulse and
the third 5 pulse in a Mims ENDOR sequence is varied. At longer mixing times
and strong Boltzmann polarizations, longitudinal relaxation results in different
ENDOR efficiencies for nuclear spin transitions in the |mg = ) or |mg = «)
manifold. In extreme cases, the signal of one nuclear transition can become
positive, whereas the signal of the other nuclear transition remains negative [73].

The underlying mechanism of VMT Mims ENDOR is schematically shown
in the last column of Figure 2.8. If the RF pulse is perfectly off-resonance,
longitudinal electron spin relaxation I' starts to transform —2S5, I, into thermal

equilibrium —S, magnetization:
Oopf (tmia) = —2S.Le e — S, (1= e~ Mmix) | (2.37)

whereby it was assumed for simplicity that sin (Q¢7) = 1 and sin (%7) =1
to maximize the initial —25,1, spin operator. o,ss (i) describes the density
operator for an off-resonance RF pulse after the time ¢,,;,. If the RF pulse is
on-resonance with the |mg = «) manifold (middle row in Figure 2.8), longitudinal
relaxation starts to transform I, magnetization into a sum of I,, —25.I, and

—S, magnetization:
Orsar, (tmia) = L. — 28,1 (1 — e Ttrie) — 5, (1 — 7 Ttmer) (2.38)

If the RF pulse is on-resonance with the |mg = ) manifold (bottom row in
Figure 2.8), longitudinal relaxation starts to transform —I, magnetization into a

sum of —1,, 25,1, and —S, magnetization:

Orsor, (tmiz) = —1, + 25,1, (1 _ e—th) _ s, (1 _ e—th>

=1, - 25,1, (e—thim _ 1) _ s, (1 B e_thm) | (2.39)

The sign of the 25,1, spin operator can be changed by changing the sign of the

relaxation term. For detection of the stimulated echo, only the —2S5,1, terms
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of Equation 2.37, 2.38 and 2.39 have to be considered, since the —5S, term will
not be refocused by a single 7 pulse (in reality the sine terms are not 1). The

density operator at the time of the stimulated Hahn echo is then given by:

Ooff (echo) = —S, e Htmis, (2.40A)
Orser, (echo) = =S, (1 - e_rtm”) : (2.40B)
Orsor, (echo) = =8, (e7M'm= — 1) (2.40C)

The ENDOR efficiencies of the different nuclear transitions can be compared to
each other by using Equation 2.33. Since in this case the denominator can become
zero because of relaxation, it is useful to define the denominator in Equation 2.33
for VMT Mims ENDOR purposes as Veeno (0f f, timiz = 0). The ENDOR efficiency
in the electron |mg = o) manifold then becomes F, = 1 (26*”’”” - 1). The
ENDOR efficiency in the electron |mg = ) manifold becomes Fi},,; = 3 Fur
therefore stays constant or, in other words, the decrease of F‘g A 1s identical to
the decrease of stimulated Hahn echo intensity for the off-resonance case because
of longitudinal relaxation. For Fy},,,, the ENDOR efficiency becomes positive
for short ¢,,;, times (stimulated Hahn echo increases) and negative for long ;.
times (stimulated Hahn echo decreases). The abovementioned theory neglects
longitudinal cross relaxation. In addition, it is assumed that longitudinal electron
spin relaxation occurs faster than longitudinal nuclear spin relaxation.

For a meaningful VMT Mims ENDOR experiment, ENDOR spectra with
several t,,;, should be recorded. If spin polarization is sufficient, the nuclear
transition in the |[mg = «) manifold should be easy to identify since the intensity
should change. The nuclear frequency of the nuclear transition in the |mg = «)
manifold with respect to the nuclear Larmor frequency (left-hand side or ride-
hand side) can then be used to calculate the sign of the isotropic hyperfine

coupling.
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2.5.2 ELDOR-detected NMR

The EDNMR technique was first described by the group of Arthur Schweiger
in 1994 [36]. EDNMR utilizes two MW channels, of which one operates at a
fixed frequency and the other at a variable frequency. The requirement of two
MW channels is the reason why EDNMR, already published in 1994, rose to
prominence only in the mid 2000s, since only then EPR spectrometers with two

MW sources became commercially available.

Ve

Figure 2.11: EDNMR pulse sequence. The integrated Hahn echo intensity is monitored
as a function of the frequency of the ELDOR pulse.

The EDNMR pulse sequence consists of a Hahn echo detection sequence
(Figure 2.11). The second MW channel contains a single, typically long and
weakly powered MW pulse (electron-electron double resonance (ELDOR) pulse).
The frequency of the ELDOR pulse is varied systematically around the frequency

of the detection channel.
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Figure 2.12: Evolution of spin population during an EDNMR experiment for the
model system that was introduced in Section 2.4.
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Everytime the frequency of the ELDOR pulse is on-resonance with a “for-
bidden” transition (Amg, Am; = £1), population is moved from the ground
state to the excited state. The transfer of population is observed as a loss of
Hahn echo intensity in the detection channel. In an EDNMR experiment, the
integrated Hahn echo intensity is typically plotted as a function of vgrp — Ve,
which yields the nuclear frequency spectrum.

Selective excitation of the double quantum transition (23) in Figure 2.4A is
described by the single spin operator S = 1 (ST~ + S7I") = S, I, + 5,1,
[69]. Application to thermal equilibrium —S, magnetization yields (Figure 2.12)

BBLD 2S5, 1,

o(0) =-S5,
BELD
— cos (ﬁEQLD> S, + sin <6E2LD> 28,0 ———— 2oty
2 (2.41)
— cos <6E2LD> S, — cos <5E2LD> sin <5E2LD> 25,1,

2
+ sin <6E2LD> cos <5E2LD> 25,1, — sin (ﬁEZLD> 1.,

whereby for the subsequent Hahn echo detection sequence only the .S, component
is relevant. Other terms will not be refocused into detectable in-phase magneti-
zation. The Hahn echo intensity is therefore proportional to 3 (1 + cos (BgLp)).
The biggest EDNMR effect occurs when the ELDOR pulse has an effective flip
angle of fo3 = m on the forbidden transition and inverts the population. The

effective flip angle can be defined as

P23 = werpterpy/ lo3 = BELD\/TQS- (2.42)

In Equation 2.42, g p describes the nominal flip angle of the ELDOR pulse on an
allowed EPR transition, and I53 describes the transition probability connecting
energy levels 2 and 3 in Figure 2.4A. As a general formula, the transition
probability I;; is given by Fermi’s golden rule (I;; = (¢; | H1|¢;)?). For the
2-spin model system presented in Section 2.4, Equation 2.30A and Equation

2.30B can be used to calculate the transition probabilities. In most cases, the
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transition probability of forbidden transitions is rather small. By increasing the
value of the product of wgrpterp it is, however, possible to achieve a sufficient
flip angle for the forbidden transition. In most cases, a large tgp is chosen over
a large wgpp, since a too high amplitude of the ELDOR pulse can lead to power
broadening of the EDNMR lines.

The depth of the hole, that an ELDOR pulse burns into the EPR spectrum
can be quantified by the hole-depth parameter A [36]:

h=1-— LZCOS (6ELD\/E> — ]fCOS (ﬁELD\/Zz) s (243)

where I, corresponds to the transition probability of the observed and allowed
EPR transition. Equation 2.43 shows that an EDNMR signal can be a sum of
two contributions. The ELDOR, pulse can pump a forbidden transition, which is
then monitored by the detection pulses. If, however, the frequency offset between
allowed and forbidden transitions is small and the inhomogeneous EPR line width
is large, the ELDOR pulse can also pump an allowed EPR transition (second
term in Equation 2.43). The detection sequence then monitors a forbidden
transition.

The magnitude of the inhomogeneous EPR line width in relation to the
hyperfine coupling also affect the appearance of an EDNMR spectrum. Figure
2.13A highlights the two allowed EPR transitions of the 2-spin model system that
was introduced in Section 2.4. Schematic EDNMR spectra of both allowed EPR
transitions are shown in Figure 2.13B. The signal in the middle occurs when the
frequency of the ELDOR pulse approaches the frequency of the observed EPR
transition and is called the central blind spot. When the hyperfine coupling is
larger than the inhomogeneous EPR line width and resolved in the EPR spectrum,
only one allowed EPR transition (either w3 or wey) will be excited by the detection
pulses. In such a case, the EDNMR spectrum will be asymmetric with respect
to the central blind spot, i.e., only the green or red spectrum presented in
Figure 2.13B will be recorded (“hyperfine-selective”). If the inhomogeneous
EPR line width is larger than the hyperfine coupling, two different allowed
EPR transitions (w3 and wsy) of two spin packets will overlap. In such a case,

the detection sequence will simultaneously excite both allowed EPR transitions
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shown in Figure 2.13A and the resulting EDNMR spectrum will be symmetric
with respect to the central blind spot and a sum of the individual EDNMR
spectra presented in Figure 2.13B (“hyperfine-unselective”). Ligand nuclei, i.e.,
'H of HyO coordinating to Mn*", typically possess a relatively small hyperfine
coupling and therefore yield “hyperfine-unselective” EDNMR spectra. If the
hyperfine couplings are too small to be resolved with EDNMR, only a single

signal will be observed on each side of the EDNMR spectrum for one nucleus.
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Figure 2.13: A) Energy level diagram of the 2-spin model system that was introduced
in Section 2.4. The two different allowed EPR transitions are highlighted. B) Schematic
EDNMR spectra of the two different allowed EPR transitions. If the hyperfine coupling
is small in comparison to the inhomogeneous EPR line width, the sum of both EDNMR
spectra will be recorded.

A crucial parameter in EDNMR experiments is the width Awvy/, of the
central blind spot, since a too broad blind spot can obscure EDNMR signals -
especially those of low-v nuclei. The width of the central blind spot is of less
concern when EDNMR experiments are performed at higher magnetic fields (W-
band, 94 GHz), as here nuclear frequencies of weakly coupled nuclei are further
separated from the central blind spot. At frequencies such as Q-band (34 GHz),
experimental parameters such as the length of the ELDOR pulse, the amplitude
of the ELDOR pulse and the length of the detection pulses need to be carefully
chosen. Optimization of those parameters for Q-band EDNMR measurements is
a key component of one publication that is part of this cumulative work (Section
3.1). Therefore, only a brief summary will be given in this section.

The width of the central blind spot can be significantly decreased by using soft
detection pulses, although this comes at the expense of a reduced SNR. Physically,

softer detection pulses reduce the spectral overlap between ELDOR and detection
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pulses when the frequency of the ELDOR pulse approaches the frequency of
the detection channel. The length of the ELDOR pulse does not affect the
width of the central blind spot as much as the detection pulses. However, use
of Gaussian-shaped ELDOR pulses results in a narrowing of the central blind
spot, especially at its flanks. For rectangular ELDOR pulses, the full width
at half maximum (FWHM) of the central blind spot is directly related to the
amplitude wgrp of the ELDOR pulse by Avy/, = werp/m, if weprpterp > 1
(Avy)s in Hz and wgrp in rads™') [74]. Tt should be noted, however, that at
Q-band frequencies, unresolved and obscured nuclear frequencies can lead to
an artificial broadening of the central blind spot. In such cases, it is better to
measure wgrp with nutation experiments at zero frequency.

The resolution of EDNMR experiments is limited by the homogeneous EPR
line width, which is the inverse of the phase memory time 7;,. For d5 transition
metal ions at Q-band frequencies, T}, is on the order of approximately 2 s,
which limits the resolution of EDNMR experiments on transition metal ions to
approximately 0.5 MHz. For ENDOR techniques, the resolution is determined
by the longitudinal electron spin or nuclear spin relaxation time T, and T3,
(depending on which is shorter). For d5 transition metal ions at Q-band fre-
quencies, T7. is on the order of approximately 1ms, which corresponds to a
maximum resolution of 1kHz. As a consequence, the resolution of EDNMR is
worse than the resolution of ENDOR. Additional shortcomings of EDNMR are
that resonances of low-y nuclei can be obscured by the central blind spot, and
that the appearance of multi quantum (MQ) signals (Section 3.1) and an overlap
of different nuclear species (Section 3.2) can hamper a meaningful analysis of
EDNMR spectra. Advantages of EDNMR over ENDOR include a drastically
increased sensitivity, the absence of any blind spots (besides the central blind
spot) and the possibility to observe different nuclear species in a single EDNMR
experiment. In an ENDOR experiment, the RF pulse must be specifically tuned

to every nuclear species with nutation experiments.
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2.5.3 2D ELDOR-detected NMR and THYCOS

Although widely used, conventional ENDOR techniques and the EDNMR experi-
ment have its limitations. For example, more sophisticated hyperfine experiments
are needed if nuclear frequency spectra are too congested for a meaningful analy-
sis or if it is required to correlate different nuclear spins to the same electron
spin. In such a case, two-dimensional hyperfine methods are valuable. In this
context, two-dimensional means that the echo intensity is monitored as a func-
tion of two variables. Two-dimensional hyperfine data are typically plotted as a

two-dimensional contour plot of a three-dimensional “surface”.
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Figure 2.14: THYCOS (A) and 2D EDNMR (B) pulse sequences. In both cases,
Gaussian-shaped ELDOR pulses are depicted.

The first two-dimensional hyperfine spectroscopy experiment was HY SCORE,
which is a descendant of a three-pulse ESEEM experiment. In HYSCORE,
of which the original pulse sequence was published in 1986 [75], the echo is
monitored as a function of two interpulse delay times 7, and 7». Just as ESEEM,
HYSCORE is a coherence-transfer technique. Therefore, HYSCORE will not be
further described in this work. In 1987, Mehring et al. reported a ENDOR triple
resonance (TRIPLE) experiment, in which the two RF pulses are used instead
of one [76]. The frequencies of the RF pulses are varied independently, hence

the observed signal becomes a function of the two RF pulses. A modification
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of the pulsed TRIPLE sequence and a combination of ENDOR and EDNMR is
the THYCOS experiment [34]. In THYCOS, the first RF pulse is replaced by a
highly selective ELDOR pulse (Figure 2.14A). In theory, the frequencies of the
ELDOR pulse and the RF pulse are varied systematically around the frequencies
of interest. In practice, however, the frequency of the ELDOR pulse is kept
constant and set on-resonance with a forbidden transition, while the frequency of
the RF pulse is varied. THYCOS is therefore a highly selective Davies ENDOR
experiment - if the ELDOR pulse is off-resonance to any transition, only a
baseline will be recorded as a RF pulse will have no effect on thermal equilibrium

— 5. magnetization.
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Figure 2.15: A) Evolution of spin population during THYCOS and energy ladder
diagram of a 3-spin model system with S =1/2, I} =1/2 and Io = 1/2 (gn, aiso > 0).
Coupling between the two nuclear spins I; and I is neglected. Thick solid lines depict
the observed allowed EPR transition. The dashed black line highlights the forbidden
transition that is on-resonance with the ELDOR pulse. Colored thin solid lines depict
allowed NMR transitions on-resonance with the RF pulse. B) Expected THYCOS
spectrum.

THYCOS spectra can be understood by looking at a 3-spin model system,
consisting of one electron spin with S = 1/2 and two nuclear spins with I; = 1/2
and I, = 1/2. The resulting energy ladder diagram is depicted in Figure
2.15A (gn, aiso > 0). If the detection channel is set to monitor the intensity
of the allowed EPR transition |mg = 3,m;1 = a,m;s = a) < |a,o,q), only
one forbidden transition associated with nucleus I; exists (|5, «, @) < |a, 5, a))
that has a larger energy than the observed allowed EPR transitions. After the
population of this transition has been inverted by the ELDOR pulse, the RF
pulse can excite two allowed NMR transitions of nucleus /5 that are connected

with the observed allowed EPR transition. If the RF pulse is on-resonance with
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transition |a, a, @) <> |, «r, ) no population will be transferred, simply because
both energy levels are equally populated. If transition |5, «, ) < |3, a, ) is
affected by the RF pulse, population will be transferred to the ground state.
The detection sequence will now monitor zero echo intensity if the RF pulse
was on-resonance with transition |a, a, a) <> |a, a, ) (green thick solid arrow
in Figure 2.15A). A positive Hahn echo will be recorded if the RF pulse was
on-resonance with transition |5, o, ) <> |5, v, ) (red thick solid arrow in Figure
2.15A).

Figure 2.15B shows the expected THYCOS spectrum for the abovementioned
transition-excitation-scheme. No THYCOS signal is obtained if the RF pulse
excites a nuclear transition of nucleus I, that lies in the same electron spin
manifold that was also used for excitation of a nuclear transition of nucleus I;
by the ELDOR pulse (|mgs = «) in Figure 2.15). A positive THYCOS signal is
obtained if the RF pulse excites the nuclear transition of nucleus I, that lies in
the |mg = ) manifold. This relation can be used to determine the sign of the

hyperfine coupling [77, 78].
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Figure 2.16: A) Evolution of spin population during 2D EDNMR and energy ladder
diagram of a 3-spin model system with S =1/2, I} = 1/2 and Iy = 1/2 (gn, aiso > 0).
Coupling between the two nuclear spins I; and I5 is neglected. Thick solid lines depict
the observed allowed EPR transition. The dashed black line highlights the forbidden
transition that is on-resonance with the first ELDOR pulse. Colored dashed lines
depict forbidden transitions on-resonance with the second ELDOR pulse. B) Expected
2D EDNMR spectrum.

Figure 2.14B shows the 2D EDNMR pulse sequence [35]. In comparison to
THYCOS, the RF pulse gets replaced by a second ELDOR pulse. Thus, the
Hahn echo is monitored as a function of the frequencies of the two ELDOR pulses.

The first step of evolution of spin population for a 2D EDNMR is identical to a
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THYCOS pulse sequence (Figure 2.16A). In a second step, the second ELDOR
pulse can excite two forbidden transitions of nucleus I, that are connected to the
observed allowed EPR transition. If transition |3, a,a) <> |, «, 5) is excited
by the second ELDOR pulse, no population will be transferred. Excitation of
transition |3, «, 5) <> |, a, @) by the second ELDOR pulse, however, inverts the
spin population. The Hahn echo sequence will record zero intensity if transition
1B, a, ) <> |a, o, B) was excited by the second ELDOR pulse. A negative 2D
EDNMR signal will be observed upon excitation of transition |3, a, 8) <> |ov, o, &)
by the second ELDOR pulse.

The expected 2D EDNMR spectrum is shown in Figure 2.16B. The infor-
mation content is very similar to the THYCOS spectrum presented in Figure
2.15B. The biggest difference is that the signal, which corresponds to excitation
of the nuclear transition of nucleus I, in the |mg = ) manifold, is negative and
not positive as in THYCOS (Figure 2.15B). One has to bear in mind that in
reality long and weakly powered ELDOR pulses act as saturation-pulses and
not as inversion-pulses. In addition, a forbidden transition will never be com-
pletely saturated. As a consequence, considerable Hahn echo intensity will be
detected if the first ELDOR pulse is off-resonance and the second ELDOR pulse
is on-resonance (and vice versa). These 1D EDNMR signals will have a stronger
intensity than the 2D EDNMR signals. A background correction procedure is
therefore required to remove the stronger 1D EDNMR signals. In such a protocol,
every data vector along the Av; domain of primary 2D EDNMR data (Avy, Avs)
is divided by the mean value of the two vectors along the Ar; domain with the
biggest Ay offsets. This first step removes all 1D EDNMR signals in the Awy
domain. In a second step, the background corrected data matrix is used for a
background correction in the Avy domain.

2D EDNMR is typically more sensitive than THYCOS. Therefore, it is
feasible to record a complete 2D EDNMR spectrum if the concentration if high
enough. If a high resolution is desired or if the concentration is low, specific
2D EDNMR slices can be recorded. Then, two 2D EDNMR slices are required.
One, where both ELDOR pulses are on-resonance with the desired forbidden
transitions (the frequency in one domain is kept fixed, whereas the frequency in

the other domain varied). The second slice is needed for background correction
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and should therefore contain only 1D EDNMR signals (the ELDOR pulse of the
fixed frequency-domain should be off-resonance to any transition). Normally, it
is not feasible to record complete THYCOS spectra, even for highly concentrated
samples. In virtually every situation it is therefore appropriate to record a single
THYCOS slice instead of a complete THYCOS spectrum.

Although THYCOS is superior to 2D EDNMR in terms of sensitivity, it offers
a better resolution than 2D EDNMR (just as ENDOR offers a better resolution
than 1D EDNMR). Moreover, the background correction of 2D EDNMR can
introduce uncertainties in signal assignment if the SNR is not sufficient. Especially
2D EDNMR signals close to the central blind spot can become difficult to analyze
and assign. In general, signal assignment and interpretation for 2D EDNMR is
not as straightforward as for THYCOS. For a more detailed discussion, including
problems in signal assignment and the choice of experimental parameters, the
reader is referred to Section 3.2. Application of THYCOS and 2D EDNMR to a
TC-aptamer and analysis and interpretation of the obtained data is a focal point

of Section 3.2 and its related publication.

2.6 PELDOR with Rigid Nitroxide Spin Labels

2.6.1 4-pulse PELDOR

PDS describes an array of techniques that probe the dipolar coupling of weakly
coupled electron spins (Section 2.1.4). The primary use of PDS is the determina-
tion of intramolecular distances between two paramagnetic spin centers. The
PELDOR technique (sometimes also called double electron-electron resonance

(DEER) spectroscopy) is currently the most used PDS pulse sequence [79, 80].

Vet T T T, T,

Figure 2.17: 4-pulse PELDOR pulse sequence. The refocused Hahn echo is monitored
as a function of the interpulse delay time t¢.
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With the 4-pulse sequence, PELDOR is able to measure distances in the
range of 1.5 to 8 nm [81]. Under exceptional circumstances (sparse spin-labeling,
deuterated solvent and biomolecule), intramolecular distance up to 16 nm could
be measured [11]. In PELDOR, a refocused Hahn echo sequence at frequency
Vger 1s used to monitor the intensity of an allowed EPR transition (referred to as
“detection spins” or “observer spins”). A 7 pulse in a second MW channel is used
to invert the population of spins that are on-resonance with frequency vpump
(“pump spins”). A certain minimum frequency offset of Av = vge — Vpymyp 1S
needed to ensure that each channel acts selectively on either the detection spins or
the pump spins. In PELDOR, the time ¢ before the pump pulse is incremented.
As a consequence, the refocused Hahn echo gets modulated by the dipolar
coupling frequency v4y. If one assumes that the pump pulse is applied at the time
of the Hahn echo (or later), the Hahn echo sequence (5 — 7, — 7 — 71) generates
— S, coherence on the observer spin (—95,1). If one neglects the dephasing due to
different electron spin offsets (it refocuses after the time 27, + 273), the dipolar
coupling evolves during time t. After the time ¢ the pump pulse inverts the

population of the pump spins:

VatSz,15z t . t
o (271) = —Sy,l —>ddts 152 —Cos8 (Véd ) Sy; + sin (Véd > 2Sx,1Sz,2
7Sz,2 Vaat . Vaal <2.44>
Iom2  cos <2> Sy1 — sin (2) 28,152 =0 (21 +1).

During the time 7 — t, the dipolar coupling is again allowed to evolve:

Vdd(TQ_t)Sz,lsz,2\

o (21 +t) >

— cos (dedt) {cos (W) Sy1 — sin (W) 25%152,2}

— sin (Vddt> {cos <W> 25,15, 9 + sin <W> Sy 1} (2.45)
2 2 T 2 ’
— —cos (’M> S,1+ sin (W) 25,152

2
=021 + 1),

whereby the last transformation of Equation 2.45 is due to the cosine and
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sine addition formulae (cos(a £ ) = cosacosf F sinasinf, sin(a £ ) =
sinacosf £ sinfsina). In a next step, the third detection pulse inverts the spin
population of the observer spins. Afterwards, the dipolar coupling 44 evolves

during the time 7y:

0'(27'1 + Tg) 7TS—11>

-2t — 2t Vag 25 15,

Vaa(T — 2t) VgqT: . (VddT:
cos (d‘122> {cos ( d; 2) Sy1 — sin ( d; 2) 2Sx,1Sz,2} (2.46)
+ sin (W) {cos (Vd;TQ) 25,3,152,2 + sin (Vd;7—2> Sy,1}

2t 2t
= cos <W;> Sy — sin (yd; > 25;18:2 =0 (21 + 272) .

Application of trigonometric addition formulae (last line of Equation 2.46, cos(a=+
B) = cosacosf F sinasinf, sin(a+x[3) = sinacosf £ sinfsina) yields detectable
in-phase .S, magnetization for the detection spins, which no longer depends on
T9, but only on ¢ and 4. The detected refocused Hahn echo therefore oscillates
with cos(vgqt) if time ¢ before the pump pulse gets incremented.

In almost all applications, the primary PELDOR signal is a product of two

components:
V(t) = F(t) x B(t), (2.47)

where F(t) contains the intramolecular dipolar interaction. B(t) describes the
intermolecular dipolar coupling and is sometimes referred to as the “background”
function. Typically, the dipolar oscillations in F'(t) are dampened out at a certain
time point (feonst). From this point on, F(t) is a constant value. If the maximum
dipolar evolution time t,,,, is larger than t.,,s, the time between t,,,., and .o,
can be used to fit the intermolecular background function B(t). B(t) can be

modeled by a stretched exponential decay function [82, 83]:

B(t) = e~ ¢, (2.48)
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where d describes the spatial homogeneity of the background function. For
a homogeneous distribution in three-dimensional space, d is equal to 3 and
Equation 2.48 becomes a monoexponetial decay function. k is a decay rate
constant and is defined as [82, 83]

87T266.gdetgpump

9v3h ’

where ¢ is the local concentration of the sample and A\ describes the fraction of

k=c)\

(2.49)

spins excited by the pump pulse (“spin flip probability"). A highly concentrated
sample therefore yields a strongly decaying background function. Since a strongly
decaying background function can compromise the SNR, PELDOR samples
typically have a concentration of 100 uM.

In Section 2.1.4, it was discussed that the electron dipole-dipole interaction is
anisotropic and depends on the angle . The intramolecular PELDOR signal is
therefore the weighted sum off all orientations for a given distance r. In addition,
the distance r is in most cased subjected to a distribution, i.e., a Gaussian.

Mathematically, such a function can be expressed as

w/2
_ (T — TO)Q 2 .
S(t) = /exp —W So / cos (Vdd (3003 0 — 1) t) sinfdOdr. (2.50)
r 222 0

In Equation 2.48 and Equation 2.49, it was already shown that the fraction of
spins that are excited by the pump pulse affects the decay rate of the background
function. For obvious reasons, A also affect the intramolecular signal. The
intramolecular PELDOR signal for a given distance distribution, considering the

spin flip probability A, is given by [84]:
F(t)=1—X+AS(t). (2.51)

Equation 2.51 shows that larger A values lead to a bigger difference between the
maximum signal intensity and the signal intensity at ¢,,., (better SNR). For
example, if no pump spins are excited that are dipolar coupled to the observer

spins, A is zero and Equation 2.51 becomes F'(t) = 1.



Chapter 2. Principles and Theory 2.6. PELDOR with Rigid Nitroxide Spin Labels

>

V(EIV,(t)

0 05 1 15 2 25 3 0 05 1 15 2 25 3
t/us t/us

22533544555566.5
r/nm

Figure 2.18: Simulated PELDOR data for a Gaussian distance distribution centered
at 7 = 3nm. A FWHM of either 0.4nm (green) and 0.8 nm (orange) was used. A)
Primary PELDOR data. The fitted background function is shown in black. The solid
black line shows the region used for fitting. B) Background-corrected PELDOR data.
The Tikhonov fit is shown in black. C) Distance distribution obtained after Tikhonov
regularization. PELDOR data were simulated with a home-written MATLAB script,
background correction and Tikhonov regularization was performed with the MATLAB
toolbox DeerAnalysis [85].

Figure 2.18 shows the data processing of PELDOR data, with primary (raw)
PELDOR data (Figure 2.18A), background-corrected PELDOR data (Figure
2.18B) and the distance probability function P(r) (Figure 2.18C). Obtaining
P(r) is an inverse problem, since the effect (recorded PELDOR time trace) is
used to “back-calculate” the cause (distance probability function P(r)). Solving
an inverse problem is difficult (ill-posed problem), since the back-calculation is
sensitive to many parameters, i.e., the SNR. The solution of an inverse problem
can be stabilized by applying regularization procedures. For PELDOR, Tikhonov
regularization with a second-derivative regularization operator is currently the

most commonly applied regularization procedure:

Ut
Ut
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P, = argmin (I8(t) = K(t,r)P(r)|* + a[|ILP(r)]*). (2.52)
Equation 2.52 is minimized for every a value under the condition that P, is
positive. The first term of Equation 2.52 is a least-squares term, where S(t)
represents the experimental intramolecular PELDOR signal. The product (Fred-
holm integral) of a kernel function K(¢,r) and a model distance distribution
P(r) gives a simulated intramolecular PELDOR signal. The second term pe-
nalizes unwanted properties of the model distance distribution P(r). L is the

d2
dar2>»

be penalized. « is the regularization parameter, and weights the penalizing term.

regularization operator, i.e., L = and defines what properties of P(r) are to
If the value of « is too high, the distance distribution is “oversmoothed” and
narrow features of the actual distance distribution might become obscured. If
the value of « is too low, P(r) is insufficiently penalized, and the first term in
Equation 2.52 might fit noise as a dipolar oscillation.

Consequently, the correct choice of « is crucial for a correct analysis of
PELDOR data. The most widely used selection method for the regularization
parameter is based on the L-curve criterion. In a L-curve, the decadic logarithm
of the least-squares term is plotted as a function of the decadic logarithm of the
penalizing term for every « value. For an ideal data set, the plotted function
should be L-shaped and the optimal « value is the one that corresponds to the
“kink” of the L-shaped plot. Recent publications suggest the use of other «
selection methods than the L-curve criterion (Akaike information criterion or
generalized cross validation) or the use of neural networks [86-88].

As already mentioned at the beginning of this section, detection and pump
pulses are irradiated with a frequency offset (Av = Vpymp — Vaer). Typically, the
frequency (magnetic field) of the pump pulse is chosen so that it coincides with
the maximum intensity of the nitroxide EPR spectrum (Figure 2.1). At Q-band,
the detection frequency is decreased by |Av|. Hence, detection is performed on
the right-hand side of the maximum of the Q-band nitroxide EPR spectrum.
At X-band, the detection frequency is typically increased by |Av| and as a

consequence, detection is performed on the left-hand side of the maximum of
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the X-band nitroxide EPR spectrum. Typical frequency offsets lie in the range
of [40 — 90 MHz|.

If in a PELDOR experiment only the distance is of interest, pulse lengths
are chosen so that as much spins as possible are excited while avoiding spectral
overlap of detection and pump pulse excitation profiles. Typical PELDOR pulse
lengths at X- and Q-band frequencies are in the range of 20 ns. If orientation
selection (OS) is desired, softer (longer) pulses may be used. Gaussian-shaped
pulses are known to increase the fidelity of PELDOR data, as the use of Gaussian-
shaped pulses reduce the residual “2+1” signal at the end of PELDOR time
traces [89]. The “2+1” artifact is a consequence of minor spectral overlap of
detection and pump pulses, which sometimes cannot be avoided with rectangular
pulses.

Depending on the ratio of 7 and 7 and the use of a coherent or incoherent
pump pulse source, different phase cycle schemes are required for PELDOR
[90]. If a significant amount of the sample is deuterated (glassing agent, buffer,
biomolecule), a 1i-averaging cycle to suppress “H ESEEM modulations is rec-
ommended [91]. Often, the use of shaped broadband pump pulses alone, or in
combination with more elaborated PELDOR pulse schemes helps to increase
the maximum dipolar evolution time and sensitivity of PELDOR [47, ch. 21]. It
should be noted that the outlined theory involving product operator formalism
and Tikhonov regularization is only valid if multi-spin systems, high-spin systems,
OS, exchange coupling and differential relaxation can be neglected.

The experimental difference between maximum signal intensity and the signal
intensity at the maximum dipolar evolution time t,,,, for background-corrected
PELDOR data is often referred to as modulation depth A. For an isolated 2-spin
system without OS, the spin flip probability A is the same as the modulation
depth A. Multi-spin and/or high-spin systems, however, introduce terms in the
Hamiltonian that increase the modulation depth, so that A > X [84].
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2.6.2 Advantages of Rigid Spin Labels

As the name suggests, rigid spin labels are attached in a very rigid manner
to the biomolecule of interest. For nucleic acids, rigid spin labels are typically
connected via two covalent bonds to the nucleobase. A frequently used rigid
nitroxide spin label for nucleic acids is the ¢ (for DNA) and Cm spin label (for
RNA, Figure 1.3C). As can be inferred from Figure 1.3C, the absence of any free
rotating bond severely limits the internal degree of freedom of Cm. This stands
in contrast to flexible nitroxide spin labels (such as MTSL), where the spin label
is connected via a flexible and free rotating tether to the biomolecule of interest.

As a consequence of the rigidity, PELDOR in combination with rigid spin
labels can be used to directly investigate the conformational flexibility of the
spin-labeled secondary structure elements. RNA helices with a high degree of
conformational freedom will yield a broad distance distribution and strongly
dampened dipolar oscillations in the time domain (orange lines in Figure 2.18).
Vice versa, RNA helices with a low degree of conformational freedom will give a
narrow distance distribution with pronounced dipolar oscillations (green lines
in Figure 2.18). Flexible spin labels should not be used to relate the width of
the distance distribution Ar to the conformational flexibility of the spin-labeled
secondary structure, since it is not known if the width Ar is mainly caused by
the spin label itself or by the secondary structure element.

Under certain experimental conditions, rigid spin labels can produce PELDOR
time traces that show OS. OS can alter the oscillation pattern and the spin flip
probability function A and is caused by selective excitation of specific g tensor
and/or N hyperfine tensor components. For strong OS, distance analysis using
Tikhonov regularization is no longer reliable and therefore not recommended.

In order to understand OS, it is necessary to introduce different coordinate
frames. The dipolar frame defines the orientation of the dipolar tensor with
respect to the external magnetic field (laboratory frame). Per definition, the
dipolar distance vector r is always aligned along the z-axis of the dipolar frame.
The molecular frames of nitroxide 1 and 2 describe the orientations of nitroxide
1 and 2. Per definition, the z-axis is aligned along the NO bond and the z-axis

is the out-of-plane normal and aligned with the 2p, orbital of nitrogen.
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For disordered samples, it is common practice to use the g tensor coordinate
frame as the molecular frame. To a very good approximation, the g tensor
and the "N hyperfine tensor are collinear [39]. The dipolar frame is related to
the laboratory frame by the polar angles # and ¢. The molecular frames are
related to the dipolar frame by two sets of Euler angles (a2, 812 and 71/2). Per
definition, «; is always 0°. A schematic representation of a nitroxide spin pair

with the aforementioned coordinate frames is shown in Figure 2.19A.
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Figure 2.19: A) Nitroxide spin pair with a randomly chosen orientation with respect
to the laboratory frame. The dipolar coordinate frame and the dipolar distance vector
are shown as black arrows and lines. The molecular coordinate frames of nitroxide 1
and 2 are shown as red (z;p-axis), green (y; o-axis) and blue (z)/;-axis) arrows. B)
Schematic visualization of the physical origin of OS. If OS exists, specific orientations
in a spin pair are correlated and more probable.

The physical origin behind OS is depicted schematically in Figure 2.19B. In
the case of no OS, all orientations are randomly and uniformly distributed in space.
If, for example, a X-band PELDOR time trace with an offset of Av = —90 MHz
is recorded, the detection pulses mainly excite the A, component of the detection
spins (Figure 2.1A). The frequency of the pump pulse is typically on-resonance

with the maximum of the X-band nitroxide EPR spectrum, and therefore the
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pump pulse excites all possible orientations (to a good approximation). In
case of no OS, the A, component of the detection spins interacts via dipolar
coupling with all possible orientations of the pump spins. If OS is present, the A,
component of the detection spins only interacts with a very specific orientation
of the pump spins, although the pump pulse still excites all possible orientations.
The specific orientation of the pump spins that is interacting with the detection
spins is determined by the (rigid) geometry of the spin-labeled biomolecule.
Mathematically speaking, OS means that the spin flip probability A becomes
a function of the resonance frequencies of the detection and pump spins, the two
set of Euler angles and the polar angle #. If one omits a distance distribution for
sake of clarity and only assumes a single distance r, the intramolecular PELDOR

signal in case of OS is given by [92]:

w/2

F(t) = So / A (Vdet7 Vpump, 517 527 0)

0
X [cos (Vdd (300320 — 1) t) - 1} sinfdo,

whereby & = (a1, f1,71) and & = (ag, f2,72). For this work it is sufficient to
realize that A becomes a function of the excited orientations of the detection and
pump spins. A derivation of an analytical expression of A (Ver, Vpump, &1, &2, 0) 1s
beyond the scope of this work, however, the reader is referred to several literature
reports for further reading and a complete derivation of A (Vaet, Vpumps €1, €2, 0)
[93-95].

In order to extract the information content of OS (& and &), one typically
records several X-band PELDOR time traces with different offsets ranging from
—40 to —90MHz in steps of 10 MHz. The frequency of the pump pulse is
kept constant, whereas the frequency of the detection pulses is changed. The
recorded and background-corrected PELDOR time traces can be simulated with
iterative fitting algorithms and programs that calculate PELDOR data based
on a density operator formalism approach [96]. Figure 2.20 shows simulated
orientation-selective X-band PELDOR data for different offsets and two different
orientations. The first orientation (§; = (0°,20°,0°), & = (20°,10°,0°), r = 3nm,
Figure 2.20A) shows clear OS for the modulation depth and the oscillation pattern.
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For the second orientation (& = (0°,50°,0°), & = (80°,40°,0°), r = 3nm,
Figure 2.20B), however, no clear sign of OS can be detected. The oscillation
pattern and the modulation depth seem to be constant for different offsets.
Figure 2.20 shows, that OS can be difficult to detect for certain orientations.
It is therefore recommended to cross-validate X-band OS PELDOR with high
frequency PELDOR data or other methods of structural biology.
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Figure 2.20: Simulation of orientation-selective X-band PELDOR time traces using a
density operator formalism approach [96]. Two different orientations were simulated.
A) & = (0°,20°0°) and & = (20°,10°,0°). B) & = (0°,50°,0°) and & = (80°,40°,0°).
All other parameters were identical. In both cases a single distance of r = 3nm was
used.

X-band PELDOR experiments are not able to resolve the in-plane Euler
angles v; and ;. For elucidation of these angles, PELDOR experiments at
higher frequencies (G-band, 180 GHz) are necessary [97]. In addition, orientation-
selective PELDOR cannot differentiate between a 180° symmetry of the A,
components. In other words, PELDOR cannot resolve if A,; and A, point in
the same direction (¢ < 90°) or in the opposite direction (¢ > 90°). ¢ is the
arccosine of the dot product of A,; and A, 2 and referred to as the bend angle.
Furthermore, X-band PELDOR allows to make only relative statements, as both
spin labels are indistinguishable and yield identical nitroxide EPR spectra [98].
As a consequence, simulations with an exchanged set of Euler angles for nitroxide
1 and nitroxide 2 will look identical. OS is largely eliminated when traces of
all offsets are summed. Q-band PELDOR time traces are not well suited to

investigate OS. This is because the anisotropy of the N hyperfine interaction
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and the anisotropy of the g tensor have similar spectral magnitudes (Figure 2.1B).
The rather strong overlap of the different spin Hamiltonian components makes
it difficult to excite specific orientations with the detection pulses or the pump
pulse. Still, OS at Q-band frequencies can be observed for very rigid systems in

combination with very selective detection and pump pulses [99].
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Chapter 3

Results and Discussion

The experimental part of this thesis consists of four sections. The first three
sections (Section 3.1, 3.2 and 3.3) are based on findings that were previously
published in peer-review journals. Therefore, each of these sections contains a
short motivation, a summary of the most important results and a brief discussion
and conclusion. Section 3.4 contains unpublished data and consequently serves
as an outlook for potential future experiments.

Section 3.1 deals with the verification of the feasibility of EDNMR at Q-band
frequencies (34 GHz) by applying EDNMR on Mn*" model complexes. Based on
the results of Section 3.1, two-dimensional hyperfine spectroscopy (2D EDNMR
and THYCOS) is then used to study the metal-mediated ligand binding of a
TC-aptamer (Section 3.2). The influence of the divalent metal ion concentration
on the conformational flexibility of the TC-aptamer in the presence and absence
of the ligand is studied with PELDOR in combination with rigid spin labels
(Section 3.3). Section 3.4 presents first Mn®*-nitroxide PELDOR experiments on
the TC-aptamer at different Mn*" concentrations with the goal of investigating

the affinities of the additional divalent metal ion binding sites.

3.1 ELDOR-detected NMR at Q-band

EDNMR is typically performed at W-band frequencies (94 GHz). This is because

at higher microwave frequencies (magnetic fields), nuclear transitions of weakly

63



3.1. ELDOR-detected NMR at Q-band Chapter 3. Results and Discussion

coupled ligand nuclei resonate at higher nuclear frequencies. Especially low-vy
nuclei like "N and '°N are therefore easier to detect with EDNMR since they
are no longer obscured by the central blind spot. Another reason for performing
EDNMR at W-band rather than Q-band is that the spectral resolution between
different nuclear spin species increases at higher frequencies.

Despite these disadvantages, Q-band EDNMR has advantages over W-band
EDNMR. Firstly, Equation 2.30B shows that forbidden transitions will have an
intrinsically larger transition probability /¢ at Q-band frequencies compared to
W-band frequencies. The transition probability dictates the EDNMR intensity A
(hole-depth parameter) of an EDNMR signal alongside with the nominal flip angle
Berp of the ELDOR pulse (Equation 2.43). Secondly, Q-band EPR spectrometers
have a wider commercial availability than W-band EPR spectrometers. In
addition, Bruker Q-band EPR spectrometers come with an built-in arbitrary
waveform generator (AWG) which allows the use of shaped microwave pulses.
Shaped microwave pulses, i.e., Gaussian-shaped, will narrow down the width of
central blind spot since the spectral overlap of detection pulses and the ELDOR
pulse is reduced. Thirdly, the Bruker EN 5170 D2 Q-band probehead is rather
robust and shows a good reproducibility of the blind spot profile. An identical
resonator bandwidth profile is important for comparing EDNMR intensities of
different samples, as the bandwidth profile dictates the effective B field and
therefore also the flip angle of the ELDOR pulse.

In order to unravel the potential of Q-band EDNMR, EDNMR at Q-band
was applied to several Mn?>" model complexes. Namely these model complexes
where the hexaaqua complex (either without any isotope labeling or with 170-
labeling) and the Mn-DOTA complex (either without any isotope labeling or
with *C-labeling). Before performing EDNMR on these samples, experimental
EDNMR parameters at Q-band were optimized on the manganese hexaaqua
complex. It was found that the width of the central blind spot is optimized by
using very soft detection pulses (¢, = 400 ns) and weakly powered ELDOR pulses.
For the aforementioned Mn*" model complexes, it was found that an ELDOR
pulse amplitude of wrrp = 1.2 x 10" rads™! yields a sufficiently narrow central
blind spot (Arvy/, = 4.4 MHz) while maintaining a reasonable '"H EDNMR signal

intensity.
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Figure 3.1: Q-band EDNMR spectra of Mn?* model complexes. For the hexaaqua
complex, EDNMR spectra are shown for three different magnetic field positions (yellow,
blue and red spectra). For the "O-labeled hexaaqua complex (purple), Mn-DOTA
(green) and Mn-13C-DOTA (light blue) only one magnetic field position is shown.

The length of the ELDOR pulse had a rather small impact on the width

of the central blind spot, however, it had a strong influence on the line width
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of EDNMR signals. For too short ELDOR pulses, an artificial broadening of
the EDNMR lines was observed. An ELDOR pulse length of ¢, = 9000ns in
combination with a broad Hahn echo detection window (> 1200ns) yielded
EDNMR line widths that were identical to line widths observed with ENDOR.
For the abovenamed values of wgrp and ¢, the empirically postulated blind spot
width formula by Nalepa et al. was fulfilled (Avy/, = wgrp/7) [74]. The use of
Gaussian-shaped ELDOR pulses led to a significant narrowing of the blind spot
at its flanks. The use of Gaussian-shaped detection pulses did not improve the
width of the central blind spot.

Figure 3.1 shows Q-band EDNMR spectra of the aforementioned Mn*"
model complexes. The nuclear frequencies of the strongly coupled *’Mn nucleus
(I =5/2) resonate at approximately +115 MHz and £155 MHz. Depending on
which nuclear *Mn transition is excited, the **Mn EDNMR spectrum is either
symmetric or asymmetric with respect to the central blind spot. Interestingly, the
splitting Av between two **Mn EDNMR signals is Av =~ 44 MHz and therefore
larger than the expected first-order expression for strongly coupled nuclei of
Av = 2us50, &~ 26 MHz. Sturgeon et al. could show that, due to the large
5Mn hyperfine coupling and the large Mn*" electron spin, it is necessary to
use perturbation theory up to third-order to adequately describe the nuclear
®Mn frequencies [100]. A careful investigation of the exact “’Mn EDNMR
resonance frequencies at different magnetic fields (the six hyperfine lines of the
“central” electron transition) also allows to draw conclusions about the **Mn
quadrupole tensor, although for such studies single crystals are preferred over a
frozen solution [50].

For all Mn?" model complexes, nuclear frequencies of weakly coupled 'H
nuclei resonate at approximately £51 MHz. The "H EDNMR signal of the Mn-
DOTA compounds (green and light blue spectra in Figure 3.1) is significantly
narrower than the 'H EDNMR signals of the hexaaqua complexes (yellow, blue,
red and purple EDNMR spectra). This shows that, although EDNMR does not
resolve a Pake doublet and the hyperfine tensor, it is still possible to confine the
range of the hyperfine coupling constant with EDNMR at Q-band frequencies.

For the Mn-DOTA complexes (green and light blue EDNMR spectra in Figure
3.1) and the '"O-labeled hexaaqua complex (purple EDNMR spectrum in Figure
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3.1), additional signals appear close to the central blind spot. These signals can
be sufficiently separated from the central blind spot by using weakly powered and
Gaussian-shaped ELDOR pulses. As a consequence, N single quantum (SQ)
(Amg = £1, Am; = £1) and double quantum (DQ) (Amg = £1, Am; = £2)
EDNMR signals become visible for the Mn-DOTA complexes. The extracted
effective "N hyperfine coupling of 1.7 MHz matches the value reported previously
48].
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Figure 3.2: %Mn and 'H region of Q-band EDNMR spectra of Mn?* model complexes
using a highly powered ELDOR pulse (wgrp = 8.2 x 10" rads™!). An increase of the
power of the ELDOR pulse results in a stronger intensity of MQ EDNMR signals
(Amg = %1, Amyp; = %1, Amyo = +1).

For the "O-labeled hexaaqua complex, the signal pattern close to central
blind spot features first and second coordination sphere 'O SQ EDNMR signals
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originating from the central electron spin manifold. Due to the relatively large 'O
isotropic hyperfine coupling, "0 SQ EDNMR signals from the outer electron spin
manifold mg = —3/2 are also resolved. In addition, '"O DQ and triple quantum
(TQ) (Amg = +£1, Am; = £3) EDNMR signals become visible. The surprisingly
strong intensity of these signals is attributed to the fact that Mn*"-coupled 'O
is close to the cancellation condition at Q-band frequencies.

Application of EDNMR pulses with higher power (wprp = 8.2 x 107 rads™1)
leads to the appearance of additional signals across the EDNMR spectrum (Figure
3.2). These signals can be assigned to combination frequencies, which is the EPR-
analogue of a two-photon excitation in optical spectroscopy. In the present study,
these signals are referred to as MQ EDNMR signals, as the projection of two
different nuclei change their projection (Amg = +1, Am;y = £1, Amyo = £1).
Assuming a model spin system consisting of an unpaired electron spin S = 1/2
and two nuclear spins I; = 1/2 and I, = 1/2, a simple spin ladder diagram and
an isotropic spin Hamiltonian can be used to calculate the expected combination

frequencies:

Vhiqale,s = VS — Viz + A2/2, (3.1A)
VﬁQm,ﬁ = VgQ +vre + A2/2, (3.1B)
VhiQaza = VSq T V12 — A2/2, (3.1C)
V]L\g/[Q1|2,a = VgQ —vpo — Ay/2. (3.1D)

In Equations 3.1, v§, and z/gQ describe SQ EDNMR signals of nucleus I, i.e.,
—115MHz and —155 MHz for °®Mn as shown in Figure 3.2. The nomenclature
of a MQ EDNMR signal as shown for example in Equation 3.1A (vfgo05) 18
to be understood as follows: The 35 in the denominator shows that this MQ
signal is connected to an allowed EPR transition with |m;s = /). The @ in the
numerator shows that the MQ EDNMR signal v, 5 belongs to a pair of MQ
signals that are centered around the SQ v§, EDNMR signal of nucleus I;. The
Mm@2 in the denominator labels two MQ EDNMR signals that are centered around
a given SQ EDNMR signal. Equations 3.1 show that two MQ EDNMR signals

(1/]@@1‘2 5 and V@Qm ,) are centered around V@Q and split by 2v7 9 + As, whereas
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two MQ EDNMR signals (/frgj0,4 and Vo) 5) are centered around v§, and
split by 2v75 — A, (see also Figure 3.2):

Avinp = V@ngﬁ - V]?JQHQM = 2ur2 + Ay, (3.2A)

AVQILIQ - V]O\Z4Q2|2’a - V?\ZQ%Q,B = 21/[,2 — AQ. (32]3)

Once the combination frequencies have been assigned to the correct nuclei, the
frequencies can be used to calculate the effective hyperfine coupling. For example,
the additive splitting (Equation 3.2A) of MQ EDNMR signals involving *N and
Mn nuclei yields a splitting of 8.6 MHz. As the N Larmor frequency is known
(Table 2.1), the effective "N hyperfine coupling can be calculated to 1.2 MHz,
which is in agreement with the already published values [48].

The work presented in this section could show that EDNMR at Q-band is
a valuable and very sensitive technique to investigate hyperfine couplings. It
was possible to extract the effective "N hyperfine coupling, which would not
have been possible with Q-band ENDOR. However, care has to be taken when
using highly powered ELDOR pulses, i.e., in cases of poor ligand binding or
low concentrations, since the appearance of DQ, TQ and MQ EDNMR signals
can severely hamper signal assignment and data analysis. In addition, the low
spectral resolution of nuclear Larmor frequencies at Q-band can be problematic,

i.e., if the sample contains *C and *Na.

3.2 Two-dimensional Hyperfine Spectroscopy
on a Tetracycline Aptamer

Once a protocol for EDNMR at Q-band had been established, EDNMR and
other hyperfine techniques were used to study the binding of TC to its aptamer.
Although the TC-aptamer features a very high affinity towards its ligand at
high divalent metal ions concentrations (K; = 800pM at 10mm Mg®t), the
affinity is known to decrease at lower and more physiological divalent metal ion
concentrations. So far, ligand binding was not yet spectroscopically investigated

on an atomistic level but instead on a more macroscopic scale [29, 30]. In
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order to directly observe the ligand binding center with pulsed EPR (hyperfine)
spectroscopy, diamagnetic Mg?™ was substituted by paramagnetic Mn?*. 3C-
labeled TC was used as a selective isotope marker. X-ray crystallography data
showed that TC coordinates via its O11 and O12 oxygen atoms to the divalent
metal ion. The distance of the metal ion to the oxygen-adjacent carbon atoms is
0.31 nm in both cases. Using the PDA (Equation 2.9), this yields an expected **C
dipolar hyperfine coupling of 0.65 MHz. The divalent metal ion in the binding
pocket is further stabilized by two water molecules. A pro-R, oxygen of the
phosphate backbone occupies the fifth coordination site. The distance of the
divalent metal ion to the phosphorous atom is 0.33 nm, which yields an expected
3P dipolar hyperfine coupling of 1.08 MHz.

Similar *C-Mn?* and *'P-Mn*" hyperfine coupling values were already ob-
served and reported in literature [35, 101, 102]. Therefore, the hyperfine couplings
in the TC-aptamer should be readily observable with hyperfine spectroscopy.
All measurements presented in this chapter were performed on samples with
equimolar concentrations (1 mm) of the RNA, Mn*" and TC (if present).

3P Davies ENDOR experiments on samples with i) TC-aptamer and Mn**,
ii) TC-aptamer, Mn?* and TC and iii) TC-aptamer, Mn?* and "*C-labeled
TC yielded three essentially identical *'P Davies ENDOR spectra. All spectra
featured a rather isotropic looking hyperfine splitting with an isotropic *'P
hyperfine coupling of ~ 4 MHz (“inner” hyperfine coupling). In addition, a larger
hyperfine coupling with an isotropic *'P hyperfine coupling of ~ 9.5 MHz was
visible for all three samples (“outer” hyperfine coupling). The outer hyperfine
coupling had a reduced intensity in comparison to the inner hyperfine coupling
(~ 30 %). For the outer hyperfine coupling a clear Pake pattern was visible.

The inner hyperfine coupling Ag;p(1) could be simulated with a combination
of four *'P hyperfine tensors, for the outer hyperfine coupling As;p(2) a single
*1P hyperfine tensor was sufficient (Table 3.1). The distances shown in Table 3.1
are in agreement with those from the X-ray structure, however, the distances
could not be assigned to specific Mn?" binding sites. It is known from a combined
ENDOR and density functional theory (DFT) study, that several *'P hyperfine
tensors are sometimes needed to describe a single Mn** binding site [103]. **C
Mims ENDOR was used to investigate the interaction of *C-labeled TC with
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Mn**. Since it is known that TC also forms a free Mn-TC complex [104], a
13C Mims ENDOR spectrum of a sample containing *C-labeled TC and Mn?*"
was compared to the '*C Mims ENDOR spectrum of a sample containing TC-
aptamer, Mn*" and "*C-labeled TC. Both spectra looked identical and were
characterized by a larger *C hyperfine coupling which shape was smeared out
by the Mims ENDOR blind spot function. A smaller hyperfine coupling close to
the *C Larmor frequency was visible in both cases. EDNMR experiments were

in agreement with *'P Davies and *C Mims ENDOR experiments.

a;so / MHz T /MHz p/MHz r/nm

Agp(1) i 3.75 0.90 035 0.33
Asip(1) i 4.70 0.85 025 0.34
App(1) il 4.80 0.80 055  0.34
App(l)iv 285 0.90 035 0.33
Asp(2) 9.55 1.05 - 0.31

Table 3.1: Hyperfine tensors that were needed to simulate 3'P Davies ENDOR spectra
of the TC-aptamer. The ratio of the four rhombic hyperfine tensors for As;p(1) was
1:1:1:0.2.

Although Davies and Mims ENDOR experiments show that TC interacts
with Mn?" at lower divalent metal ion concentrations, one-dimensional hyperfine
spectroscopy cannot determine if TC interacts with the TC-aptamer at these
concentrations or if TC forms a separate Mn-TC complex and some Mn?*" binds
to the RNA. In addition, it is not possible to assign the two *'P hyperfine
couplings to the different divalent metal ion binding sites of the TC-aptamer.
Two-dimensional hyperfine spectroscopy (2D EDNMR and THYCOS) was used
to answer these questions.

Figure 3.3 shows 2D EDNMR spectra of samples containing RNA, Mn*" and
either TC (Figure 3.3A) or *C-labeled TC (Figure 3.3B). In both cases, the
plus-plus quadrants are mainly comprised of positive self-correlation signals on
the diagonal that resemble the respective 1D EDNMR spectrum. The minus-plus
quadrant of the sample with unlabeled TC (Figure 3.3A) is characterized by
negative cross peaks between the two different *'P nuclear spin manifolds of

the inner hyperfine coupling. These cross peaks are also visible for the sample
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with '3C-labeled TC (Figure 3.3B). In addition, the minus-plus quadrant of the
BC-labeled sample features a signal at the *C Larmor frequency. Due to the
small *C hyperfine coupling and a strong spectral overlap of the two *C nuclear

spin manifolds, only one single signal can be seen.
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Figure 3.3: Background-corrected Q-band 2D EDNMR spectra. A) TC-aptamer
with Mn?* and TC, B) TC-aptamer with Mn?* and '3C-labeled TC. Strips to the
left and above the 2D EDNMR spectra show 1D EDNMR spectra that are free of
any correlation signals. Black arrows label expected frequency offsets for C-3'P
correlation signals.

The most striking difference of the *C-labeled TC sample in comparison to
the unlabeled TC sample are, however, the appearance of *C-3'P cross peaks

for the inner hyperfine coupling (black arrows in Figure 3.3).
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Interestingly, the 2D EDNMR spectrum only shows a cross peak for the low-
frequency signal of the inner *'P hyperfine coupling, however, a cross peak for
the high-frequency signal of the inner *'P hyperfine coupling could be observed
when chosen 2D EDNMR slices with a higher resolution and a better SNR were
recorded.

In order to substantiate the 2D EDNMR results, Q-band THYCOS was
performed on the two aforementioned samples. For THYCOS, the RF pulse
was used to sample the 3'P region, whereas the ELDOR pulse was either set
off-resonance to any transition or on-resonance with the expected frequency offset
for a '*C EDNMR signal. As expected, no THYCOS signal can be detected for
the sample with unlabeled TC (red THYCOS spectra in Figure 3.4), irrespective
of whether the ELDOR pulse is off-resonance (35 MHz) or on-resonance with
an expected "*C EDNMR signal (12.7 MHz). For the sample with *C-labeled
TC (green THYCOS spectra in Figure 3.4), however, clear THYCOS signals are
visible for the inner *'P hyperfine coupling if the ELDOR pulse is on-resonance
with a *C EDNMR signal. Hence, THYCOS experiments confirm the results
obtained with 2D EDNMR.

If the frequency offset of the ELDOR pulse is moved away from the center
frequency of the *C EDNMR signal, the high-frequency THYCOS signal of
the inner *'P hyperfine coupling disappears. Since the sign of the isotropic *'P
hyperfine coupling is known to be positive [103], the asymmetry of the THYCOS
signal intensities can be used to determine the sign of the isotropic *C hyperfine
coupling, which has to be positive as well. *C VMT Mims ENDOR and '*C
Mims ENDOR performed on the outer electron transition and DFT calculations
yielded results that are in agreement with determination of the sign of the
isotropic *C hyperfine coupling based on THYCOS data.

The work presented in this section could show that 2D EDNMR and THYCOS
at Q-band are useful techniques to investigate ternary paramagnetic transition
metal complexes on an atomistic level. It could be shown that TC interacts
via Mn?" with the TC-aptamer at divalent metal ion concentrations of 1 mM.
Out of the two *'P hyperfine couplings observed with *'P Davies ENDOR, only
the inner hyperfine couplings shows clear correlation signals to *C-labeled TC.

This hypothesis is in agreement with EDNMR-monitored freeze-thaw cycles on
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a sample with 3C-labeled TC. After several freeze-thaw cycles, it was observed
that the intensity of the outer *'P hyperfine coupling increased, whereas the
intensity of the inner *'P hyperfine coupling decreased. At the same time, the
intensity of the "*C EDNMR signal decreased as well. Since it is known that
double stranded RNA (dsRNA) degrades partially into single stranded RNA
(ssRNA) after several freeze-thaw cycles in the presence of transition metal ions,
the outer *'P hyperfine coupling is most likely caused by ssRNA. Interestingly,
the ssRNA Mn*" binding sites seem to have a lower K, value than the free
Mn-TC complex, since the **C EDNMR intensity decreases.

== RNA/Mn*/TC

== RNA/Mn*/*C-TC
I Av, = 35 MHz |
I 12.7 MHz |

35 MHz

13.7 MHz
r 12.7 MHz

16 18 20 22 24 26
Ve | MHz

Figure 3.4: Q-band THYCOS spectra. Red: TC-aptamer with Mn?* and TC, green:
TC-aptamer with Mn?* and '3C-labeled TC. The RF pulse was used to sample the
3P region, whereas the frequency offset Av; of the ELDOR pulse was kept fixed at
either 12.7 MHz, 13.7 MHz (*3C region) or 35.0 MHz (off-resonance).

2D EDNMR is much more sensitive than THYCOS, however, 2D EDNMR is
inferior to THYCOS in terms of resolution. If the SNR permits, it is therefore
advisable to acquire a THYCOS spectrum after a 2D EDNMR spectrum has
been recorded. Some 2D EDNMR signals and the sign of these signals are
not fully understood, i.e., the positive and “cross-like” signals in Figure 3.3

centered around the zero frequency of Avy. For a complete understanding of
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these signals, a more systematic study is required. Based on the results presented
in this chapter it is not possible to say how much TC actually binds to the RNA.
Monitoring the intensity of *C-*'P correlation signals in a TC-titration series
should, however, give insight into this question. It could be shown that Q-band
2D EDNMR and THYCOS are valuable tools to study other biochemically
relevant ternary metal complexes, i.e., Mg®t /Mn*" mediated ATP-hydrolysis in

membrane transporters.

3.3 Influence of Mg?®" on a Tetracycline Ap-
tamer Monitored with PELDOR

In the previous section, it was shown that one- and two-dimensional hyperfine
spectroscopy are suitable techniques to study the local geometry (r < 0.5nm)
of paramagnetic metal centers and ligand binding. In this section, it is shown
that distance distributions obtained with PELDOR spectroscopy can be used
to sample global conformational spaces of the TC-aptamer. More specifically,
the shape of the distance distribution was used to investigate the conformational
flexibility of nitroxide-labeled helices P1 and P2 (Figure 1.3A) for different Mg®*
concentrations in the absence and presence of the ligand TC. Hence, the results
presented in this study are complementary to the hyperfine results presented in
Section 3.2, which focused on studying more local interactions. No paramagnetic
Mn?" was used in this study since rigid nitroxide radicals were used as EPR
spin probes (Cm spin label, Figure 1.3C, Section 2.6). Figure 3.5A shows
background-corrected Q-band PELDOR time traces and distance distributions of
the TC-aptamer at different Mg?" concentrations in the presence of TC. At Mg®"
concentrations of 3mM, a distance distribution centered at 3.8 nm with a rather
narrow width of Ar = 0.4nm was obtained. This distance matches exactly the
expected distance of the crystal structure (Figure 1.3A). At Mg*" concentrations
of 3mM and in the presence of TC, the TC-aptamer therefore adopt its folded
tertiary structure with a very low degree of conformational flexibility.

At intermediate Mg®" concentrations of 0.2 to 1.2mM, the width of the

distance distribution centered at 3.8 nm increases only slightly. At the same
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time, a somewhat undefined distance distribution at smaller distances (&~ 2.5nm)
increases upon decreasing Mg®" concentrations. These distances are assigned
to an ensemble of unfolded and metastable TC-aptamer structures. Hence,
at intermediate Mg®" concentrations an equilibrium between the ensemble of
unfolded TC-aptamer structures and the folded tertiary structure exists. In the
presence of TC, this equilibrium lies mainly on the side of the folded tertiary

structure.
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Figure 3.5: Background-corrected Q-band PELDOR time traces (left) and distance
distributions (right) of the TC-aptamer at different Mg?" concentrations in the presence
(A) or absence (B) of the ligand TC. Tikhonov regularization was performed using the
MATLAB toolbox DeerAnalysis [85].
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Without Mg®", no more dipolar oscillations are visible in the PELDOR time
traces. As a consequence, the distance distribution is broad and undefined with a
maximum probability at 2nm. In the absence of Mg*", the TC-aptamer therefore
cannot adopt a stable tertiary structure, which is expected since it is generally
known that Mg®" is needed to induce folding of nucleic acids.

In the absence of TC, the PELDOR time trace and distance distribution at
3mM Mg®" look identical to the data at 3mm Mg*" but in the presence of TC.
Therefore, at 3mmM Mg?", TC does not seem to be the major factor for folding of
the TC-aptamer. At intermediate Mg*" concentrations of 0.2 to 1.2 mM, distance
distributions in the absence of TC are always broader than the corresponding
distance distribution in the presence of TC. In accordance with this observation,
the rather broad distance distribution at smaller distances increases more strongly
in the absence of TC with decreasing Mg?" concentrations. Without TC, the
aforementioned equilibrium is characterized by a larger fraction of the ensemble
of metastable unfolded TC-aptamer structures. Also, the fraction of the folded
tertiary structure exhibits a larger conformational flexibility in the absence of TC
than in the presence of TC. Not surprisingly, the PELDOR data in the absence
of Mg®" and TC are identical to data without Mg®" but in the presence of TC.

The distance distributions at 3mm Mg*" feature a small but significant prob-
ability for larger distances, which decrease with decreasing Mg®" concentrations.
Furthermore, the modulation depth A exceeds the expected value of A = 0.25
for an isolated 2-spin system (Figure 3.6). These observations are indicative for
helical end-to-end stacking of two nucleic acid molecules [105]. The presence
of multi-spin systems is known to increase the modulation depth A beyond
the value for an isolated 2-spin system [84]. To test if the larger distances and
the increased modulation depths are due to helical end-to-end stacking, two
TC-aptamer constructs with overhanging ends were synthesized (construct II
and construct III in Figure 3.6A). As expected, the modulations depths and
the probability of longer distances decreased for these constructs. Interestingly,
construct I (cytidine overhang) completely prevented stacking, whereas small
evidence of stacking could be still observed for construct III (guanine overhang).
This is, however, reasonable, as guanine exhibits a larger aromatic system, which

should facilitate helical end-to-end stacking via 7-7 interactions.
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Figure 3.6: Q-band PELDOR of different TC-aptamer constructs. A) Different
secondary structures of the TC-aptamer. Spin labels were always introduced at C3
and C15. B) Background-corrected Q-band PELDOR time traces of the different
TC-aptamer constructs shown in A) in the presence of TC and with 3mm Mg?". The
different modulation depths A are indicated. C) Distance distributions obtained after
Tikhonov regularization using the MATLAB toolbox DeerAnalysis [85]. Asterisks label
distances due to helical end-to-end stacking.

Although the main mean distance in Figure 3.5 and Figure 3.6 at high
Mg?** concentrations matches the distance from the crystal structure, it does
not necessarily mean that the relative orientation of the two helices in frozen
solution is the same as in the crystal structure. The correct orientation of the
nitroxide-labeled helices could be validated by performing orientation selective
PELDOR at X-band frequencies on a TC-aptamer sample containing TC and
3mM Mg*". Figure 3.7A shows the corresponding background-corrected X-band
PELDOR time traces for different offsets Av. Different dipolar oscillations and
modulation depths for the different offsets are a clear sign of OS.

In a next step, different orientations, defined by the Euler angles 51, as and

[ were used to simulate the experimental X-band PELDOR time traces shown

78



Chapter 3. Results and Discussion 3.3. Influence of ;\1g2+ on a Tetracycline Aptamer Monitored with PELDOR

in Figure 3.7A. A set of Euler angles 31, as and (35 can also be transformed
into the bend angle ¢. Figure 3.7B shows that the orientation with the best
root-mean-square deviation (RMSD) exhibits a bend angle of ¢ = 106°, which is
in very good agreement with the bend angle extracted from the crystal structure
(p = 118°). The helical orientation that was sampled with PELDOR therefore
resembles the helical orientation from the crystal structure. As already mentioned
in Section 2.6, orientation selective PELDOR cannot deduce if the two A, vectors
of the nitroxide molecular frames point in the same (¢ < 90°) or in the opposite
(¢ > 90°) direction. Due to information from the crystal structure it was assumed
that ¢ > 90°.
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Figure 3.7: A) Background-corrected X-band PELDOR time traces of the TC-aptamer
(construct II in Figure 3.6) in the presence of TC and at 3 mMm Mg?" at different offsets.
PELDOR simulations with Euler angles that yielded the best RMSD are shown in red.
B) RMSD of PELDOR simulations with different sets of Euler angles as a function
of the helical bend angle . The helical bend angle of the crystal structure with its
RMSD is shown as a black diamond.

The work presented in this section could show that PELDOR with rigid
spin labels can be used to directly study the conformational flexibility of certain
secondary structure motifs. The PELDOR data are complementary to a recent
fluorescence, ITC and melting-curve study, in which a two-step binding model was
proposed [30]. Whereas the work by Reuss et al. uses thermodynamic and kinetic
parameters to investigate the TC-aptamer and its folding on a macroscopic scale,

the present PELDOR study resembles a more quantitative approach by using
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distance distributions to investigate specific secondary structure elements. For
future experiments, PELDOR at higher frequencies could help to resolve the
in-plane Euler angles v, and 7,. Additional labeling positions could be used
to study the conformational flexibility and rearrangement of other secondary

structure motifs, i.e., loop L3 (Figure 1.3A).

3.4 Mn?t-nitroxide PELDOR on a Tetra-
cycline Aptamer

In Section 3.2, it was shown that two-dimensional hyperfine spectroscopy in
combination with *C-labeled TC is a valuable technique to study the Mn*" ion
in the ligand binding pocket. A similar approach to study the additional divalent
metal ion binding sites (Figure 1.3A) of the TC-aptamer would require the intro-
duction of specific isotope markers by '*C-labeling of single nucleotides. Such an
undertaking would be rather time-consuming, inefficient and very expensive. A
more efficient approach is substitution of diamagnetic Mg®>™ by paramagnetic
Mn?* in combination with a singly nitroxide-labeled TC-aptamer. By performing
Mn?"-nitroxide PELDOR experiments at different Mn*" concentrations in the
presence and absence of TC, the probabilities of the extracted distance distri-
butions and a comparison with the distances from the crystal structures should
give insight into the affinities of the additional divalent metal ion binding sites.

Figure 3.8A (left) shows the crystal structure of a singly nitroxide TC-aptamer
used for first Mn*"-nitroxide PELDOR studies. A semi-rigid E-TU nitroxide
spin label was used [106], since the synthesis of E-TU is less demanding than
the synthesis of Cm and observation of OS was not important for this study.
Figure 3.8B and Figure 3.8C show background-corrected Mn*"-nitroxide PEL-
DOR time traces and distance distributions with or without TC for different
Mn?** concentrations. The inset of Figure 3.8B shows a typical Mn?*-nitroxide
field-sweep EPR spectrum, optimized for detecting the Mn?" electron spin. Since
the results of this section are preliminary and not published, the following para-
graph states the experimental parameters used for the Mn?-nitroxide PELDOR

measurements. The results are discussed in the ensuing paragraph.
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Figure 3.8: A) Singly nitroxide-labeled TC-aptamer with different labeling positions
- left: C15 (blue), right: C3 (cyan), U18 (purple). B) Background-corrected Q-
band Mn?*-nitroxide PELDOR time traces of labeling position C'15 at different
Mn?* concentrations with or without TC. C) Distance data obtained after Tikhonov
regularization using the MATLAB toobox DeerAnalysis [85]. The insets show an EPR

spectrum of the singly-labeled TC-aptamer with Mn?* and TC (left) and a close-up
shot of the AAAA-motif (right).

The frequency of the pump pulse was chosen so that v, coincided with the
maximum of the nitroxide spectrum. A frequency offset of Av = vpymp — Vaer =

—80 MHz was used, which corresponds to a detection of the outer electron spin
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transitions of the Mn?" electron spin. All PELDOR experiments spectra were
recorded at 5 K, since this temperature is the optimal choice in terms of SNR
when detecting Mn** electron spins. Gaussian-shaped pulses were used to further
decrease a potential spectral overlap of detection and pump pulses. Detection
pulses had a length of 32ns, the amplitude of the pump pulse was optimized
for a pump pulse length of 25ns. No deuterated glassing agent was used, since
deuteration did not lead to a prolongation of the phase memory time of the Mn*"
electron spin. 7 values of 71 = 272 ns and 7, = 3000 ns and a shot repetition time
of 5ms were used. No 7 averaging was employed and the echo was integrated
45ns around its maximum. 248 points along the x-axis with a time increment
of 12ns were collected. A 16-step phase cycle (z[x][x,]z) was used to suppress
unwanted coherence pathways [90].

The distance distribution of a sample with 0.45mM Mn** and 0.15 mm TC-
aptamer in the presence of TC yielded two distances at 2.2 and 2.4nm (blue
data in Figure 3.8B and Figure 3.8C). In the absence of TC, the signal at
2.4nm disappeared (red data in Figure 3.8B and Figure 3.8C). A sample with
reduced Mn* concentration (0.22mm) but in the presence of TC revealed again
a distance at 2.4nm (green data in Figure 3.8B and Figure 3.8C). For 0.22 mm
Mn?", however, the distance at 2.2nm had a significantly decreased probability.
Interestingly, the decrease in probability was approximately identical to the
decrease in Mn*" concentration (= 50 %).

A comparison to the crystal structure reveals that the experimental distance
of 2.4nm matches the crystal structure distance between E-TU and the Mn*"
ion in the ligand binding pocket (Figure 3.8A). This is reasonable, as the distance
of 2.4nm disappears in the absence of TC. The experimental distance of 2.2 nm
agrees very well with the crystal structure distance between E-TU and a Mn?*"
close to the AAAA-motif. Interestingly, this AAAA-Mn?" ion is the only resolved
Mn?" ion in the crystal structure that is directly coordinated by two oxygen
atoms. In addition, the backbone of the AAAA-motif is characterized by a rather
unusual “u-turn”. Therefore, the AAAA-Mn>" ion most likely acts as a bridging
and counter ion that stabilized the “u-turn”. In the absence of the positively
charged Mn?®" ion, RNA backbones in such a close proximity probably would not
be stable. These observations suggest that the AAAA-Mn*" ion has the highest
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affinity of all additional divalent metal ion binding sites. Assuming that the
affinity of the Mn®* ion in the ligand binding center (TC-Mn*" ion) is higher
than the affinity of the AAAA-Mn*" ion, it is also reasonable that the distance
at 2.2nm has a lower probability at lower Mn*" concentrations: At lower Mn?"

concentrations, less Mn?" is left that can occupy the additional binding sites.

TC-Mn*" /nm AAAA-Mn”*" /nm |Ar| / nm

C15 PELDOR 2.4 2.2 0.2
C15 X-ray 2.49 2.17 0.32
O3 X-ray 3.15 1.79 1.36
U18 X-ray 3.14 3.63 0.49

Table 3.2: Experimental PELDOR and crystal structure distance of an E-TU spin
label at position C'15 to different Mn?* ions. The predicted crystal structure distances
for E-TU spin labels at position C'3 and U18 are also shown. Ar describes the difference
between the two Mn?T-E-TU distances (TC-Mn?" and AAAA-Mn?").

To underline the hypothesis of the AAAA-Mn?" ion, it is planned to synthe-
size two singly nitroxide-labeled TC-aptamer constructs with different labeling
positions (Figure 3.8A, right). For these labeling positions (C3 and U18), the
crystal structure predicts a bigger difference for the distance from E-TU to the
TC-Mn** ion and the distance from E-TU to the AAAA-Mn*" ion (Table 3.2).
Although the PELDOR time traces presented in Figure 3.8B already exhibit a
significantly different dipolar oscillation pattern upon careful investigation, one
could argue that distances of 2.2 and 2.4 nm are rather close together and are
therefore a SNR or regularization artifact. Distance data from three independent
E-TU labeling positions would also allow for a trilateration of the different Mn?**
binding sites. The coordinates of the Mn?* ions obtained by trilateration could
then be compared to the coordinates of the crystal structure, which could lead
to refinement of the crystal structure [107]. In addition, the relaxation induced
dipolar modulation enhancement (RIDME) technique could help to increase the
SNR of the Mn?"-nitroxide time traces. Mn®*"-Mn*" PELDOR could help to

gain further insight into the additional divalent metal ion binding sites.
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Chapter 4

Summary and Outlook

In this work, different pulsed EPR techniques were used to characterize several
structural and biochemical aspects of a TC-aptamer. Different one- and two-
dimensional pulsed EPR hyperfine methods were used to investigate the ligand
binding and the local geometry of the ligand binding center. More precisely,
hyperfine spectroscopy probed hyperfine interactions that corresponded to an
electron-nuclear-spin distance of up to » = 0.5nm. PELDOR spectroscopy at
different MW frequencies, on the other hand, was used to investigate global
conformational rearrangements upon ligand binding and the influence of Mg**
on the conformational flexibility of the TC-aptamer. In this study, PELDOR
spectroscopy relied on detecting interactions that corresponded to an electron-
electron-spin distance of up to » = 5nm. Comparison of hyperfine and PELDOR
spectroscopy shows that these techniques yield very complementary data in
terms of distance-sensitive interactions and structural information. In fact, a
combination of these two techniques is in most cases crucial for obtaining a
“complete picture” of the structure and function of a biomolecule - as was shown
in this work in case of the TC-aptamer. In this work, application of hyperfine
and PELDOR spectroscopy included state-of-the art pulse schemes and spin
labels.

The hyperfine project of this work, for example, relied on the EDNMR
technique (Section 3.1). EDNMR is a relatively new pulsed hyperfine method,
which gained significant popularity only in the mid 2000s. In comparison to
ENDOR, EDNMR features a high sensitivity and the ability to sample all nuclear
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species at the same time. In previous studies, EDNMR was mainly applied at
high MW frequencies (W-band, 94 GHz), since at high MW frequencies nuclear
resonances are better separated from the central blind spot. Therefore, the first
goal of the hyperfine project was to verify the feasibility of EDNMR at Q-band
frequencies (34 GHz). As a consequence, EDNMR at Q-band was applied to a
series of Mn*" model compounds. The use of Gaussian-shaped ELDOR pulses
and soft detection pulses (¢, = 400ns) led to a significant narrowing of the
central blind spot, which enabled the detection of N SQ and DQ EDNMR
signals. Separation of the N SQ EDNMR signals from zero frequency was only
~ 3.5 MHz; an observation of such low-frequency signals with Q-band ENDOR
would be impossible. At Q-band, EDNMR was found to be even more sensitive
than at W-band, since transition probabilities of forbidden transitions increases
with lower magnetic fields. However, the use of high-powered ELDOR pulses
can lead to the appearance of various nuclear combination frequencies, which
can hamper data analysis and signal assignment.

Once the feasibility of Q-band EDNMR had been verified, EDNMR was used
to study the ligand binding of a TC-aptamer (Section 3.2). Although it is known
that the TC-aptamer binds its ligand at high divalent metal ion concentrations
with high affinity, it is also known that the affinity decreases for lower and more
physiological divalent metal ion concentrations. In addition, ligand binding was
so far not investigated with spectroscopic methods on an atomistic level. One-
dimensional hyperfine spectroscopy (EDNMR and ENDOR) on a Mg®t /Mn**
substituted TC-aptamer in combination with *C-labeled TC yielded two distinct
3P hyperfine couplings from the RNA backbone and **C hyperfine couplings
from '¥C-labeled TC. From these data alone, however, it cannot be deduced if TC
interacts via Mn®" to the TC-aptamer, since it is known that TC also forms a free
Mn-TC complex. Two-dimensional population transfer hyperfine experiments
(2D EDNMR and THYCOS) were used to investigate the formation of a ternary
RNA-Mn*"-TC complex. In contrast to one-dimensional hyperfine spectroscopy,
2D EDNMR and THYCOS can correlate different nuclear spins, i.e., **C and
3P, to the same electron spin, i.e., Mn?". Since 2D EDNMR and THYCOS are
only recently published pulsed hyperfine schemes that were thus far not used at
Q-band frequencies, experimental 2D EDNMR and THYCOS parameters at Q-
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band were first optimized on Mn?" model compounds. Afterwards, 2D EDNMR
and THYCOS were used to study the ligand binding of the TC-aptamer. The
formation of the ternary RNA-Mn*"-TC complex at physiological divalent metal
ion concentrations could be confirmed by observation of *C-*'P 2D EDNMR
and THYCOS correlation signals for the “inner” 3'P hyperfine coupling.

2D EDNMR is superior to THYCOS in terms of sensitivity, however, 2D
EDNMR is inferior to THYCOS in terms of resolution. In addition, signal
assignment and interpretation seems to be more straightforward for the THYCOS
technique. Here, a more systematic experimental 2D EDNMR study on model
systems, accompanied by density matrix simulations, is needed.

The PELDOR project of this thesis relied for most parts on the unique
properties of the recently developed Cm spin label (Section 3.3). With flexible
spin labels, most of the PELDOR could not have been obtained. Despite the
challenging synthesis of Cm, its rigidity and low degree of internal freedom
yield very narrow distance distributions and pronounced OS that can be used
to study the relative orientation of two spin labels and spin-labeled helices.
The strong OS at X-band frequencies (9.4 GHz) was used to show that the
orientation of the spin-labeled helices in frozen solution is very similar to the
orientation found in the crystal structure. In addition, Q-band PELDOR showed
that at high Mg*" concentrations (3mM), the TC-aptamer adopts its folded
tertiary structure already in the absence of TC. At Mg®" concentrations of
0.2 to 1.2mmMm, TC was found to be the limiting factor for RNA folding and a
reduced conformational flexibility. In such a Mg*" intermediate regime, distance
distributions of samples without TC always had a broader distance width (higher
conformational flexibility) than the corresponding samples in the presence of
TC. The results of the PELDOR experiments are complementary to a recent
fluorescence, ITC and melting-curve study by Reuss et al. [30]. Whereas Reuss
et al. investigated the TC-aptamer on a macroscopic scale, PELDOR studied
specific secondary structure elements and looked on the TC-aptamer on a more
quantitative and atomistic level.

Regarding future pulsed hyperfine experiments on the TC-aptamer, monitor-
ing the intensity of *C-*'P 2D EDNMR and THYCOS signals in a TC-titration
study could help to determine how much TC actually binds to the TC-aptamer
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at physiological divalent metal ion concentrations. Since the 2D EDNMR and
THYCOS experiments presented in this thesis were performed at only one
TC concentration, no conclusion can be drawn on how much TC binds to the
TC-aptamer. The 2D EDNMR and THYCOS results of the TC-aptamer also
demonstrated the potential of these relatively new two-dimensional hyperfine
techniques. Therefore, 2D EDNMR and THYCOS will be useful experiments to
investigate other ternary paramagnetic metal complexes in biochemistry, if no
prior knowledge about the binding model is available.

PELDOR measurements on a doubly nitroxide-labeled TC-aptamer with
different labeling positions would help to investigate the conformational rear-
rangement and flexibility of other secondary structure elements. Performing
PELDOR at higher magnetic fields (G-band, 180 GHz) would help to resolve the
in-plane FEuler angles v; and 75, which would give additional angular information.
PELDOR on a singly nitroxide-labeled and Mg®* /Mn*"-substituted TC-aptamer
can be used to study the affinity of the additional divalent metal ion binding
sites (Section 3.4). First Mn*"-nitroxide PELDOR measurements at different
Mn?* concentrations in the presence and absence of TC, and a comparison of
the experimental distances to the distances from the crystal structure suggest
that the Mn®" ion at the AAAA-motif has the highest affinity of all additional
binding sites. However, more labeling positions should be tested to underline
this hypothesis. If enough independent labeling positions exist, a trilateration
procedure can be used to localize the binding sites of the metal ions with EPR
spectroscopy. Such an approach could be used to refine the resolution of the
crystal structure. RIDME spectroscopy could help to increase the SNR of the
dipolar oscillations. Mn*"™-Mn*" PELDOR at different Mn?" concentrations
with and without TC could give more insight into the affinities of the additional
divalent metal ion binding sites. Mn?*-nitroxide PELDOR data would be an
excellent candidate for molecular dynamics (MD) benchmark studies to verify
new RNA and Mn?>" force fields.
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Chapter 5

German Summary

In den letzten Jahren haben Aptamare vermehrt fiir Aufmerksamkeit in den
Wissenschaftsgemeinden der Chemie, Biochemie, Medizin und Biophysik gesorgt.
Aptamere beschreiben meist kleinere doppelstrangige Desoxyribonukleinséure-
(DNA) oder Ribonukleinsduremolekiile (RNA), die ein bestimmtes kleineres
Molekiil mit hoher Affinitdt binden. Nur selten iberschreiten Aptamere dabei
eine Grofle von iiber 100 Nukleobasen. Ein moégliches Anwendungsgebiet von
Aptameren ist das Gebiet der kiinstlichen Riboswitches. Hierunter versteht
man RNA-Sequenzen in den untranslatierten Regionen von messenger RNA
(mRNA), die ein kleineres Molekiil binden und durch die dadurch induzierte
Konformationsanderung die Genexpression regulieren.

Ein interessanter Vertreter der Klasse der RNA-Aptamere ist das Tetrazyklin-
bindende Aptamer (TC-Aptamer) [20], das einige besondere Eigenschaften auf-
weist. So besitzt das TC-Aptamer eine sehr hohe Affinitit zu seinem Liganden,
dem Antibiotikum Tetrazyklin (TC). Die Dissoziationskonstante betragt bei einer
Mg®t Konzentration von 10mM Ky = 800 pM [22]. AuBerdem wurde bewiesen,
dass das TC-Aptamer auch in vivo seine Funktion als kiinstlicher Riboswitch
beibehélt [24]. Dies ist insofern besonders, da die meisten Aptamere tiber eine in
vitro Prozedur, genannt systematic evolution of igands by exponential enrichment
(SELEX), ausgewéhlt werden, in lebenden Zellen jedoch meist ihre Funktion
verlieren. Des Weiteren besitzt TC eine nicht-toxische Wirkung auf Zellen [27].

Aufgrund dieser Tatsachen ist es nicht verwunderlich, dass eine Kristallstruk-

tur des TC-Aptamers im ligandengebundenden Zustand bereits veroffentlicht
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wurde [28]. Aus der Kristallstruktur geht hervor, dass TC tiber ein zweiwertiges
Mg®"-Ion mit der RNA wechselwirkt. Die Tertidrstruktur des TC-Aptamers
besteht aus 3 Helizes, die tiber eine Schleife und zwei Knotenpunkte miteinander
verbunden sind. Weitere Mg*"-Ionen werden an den groBen Furchen der drei
Helizes gebunden. Obwohl eine Kristallstruktur ein hochauflésendes dreidimen-
sionales Abbild liefert, ist sie dennoch eine statische Methode und verrit wenig
iiber dynamische Fragen der Strukturbiologie. Zum Beispiel gibt die Kristall-
struktur des TC-Aptamers keinen Aufschluss tiber den Faltungsprozess und die
Abhingigkeit der Ligandenbindung von der Mg*"™ Konzentration.

In dieser Arbeit wurde ein TC-Aptamer mit Techniken der gepulsten Elek-
tronenspinresonanz-Spektroskopie (ESR-Spektroskopie) untersucht. Die ESR-
Spektroskopie beruht auf der Detektion von ungepaarten Elektronenspins und
deren Interaktion mit anderen Elektronenspins, Kernspins oder dem externen
Magnetfeld. Fiir Biomolekiile wie DNAs, RNAs oder Proteine werden ungepaarte
Elektronenspins meist in Form von stabilen Nitroxidradikalen in das Molekiil
eingefiihrt. In manchen Féllen binden Biomolekiile auch paramagnetische Uber-
gangsmetalle wie Fe*t, Mn*", Co?*, Ni*" und Cu?**. In wiederum anderen Féllen
kann aufgrund dhnlicher Eigenschaften in der Koordinationschemie diamagneti-
sches Mg*™ mit paramagnetischem Mn*" ersetzt werden.

Die moderne gepulste ESR-Spektroskopie kann in zwei Teilgebiete aufgeteilt
werden. Die Hyperfein-Spektroskopie detektiert die Wechselwirkung zwischen
gekoppelten Elektronen- und Kernspins und ist sensitiv fir Interaktionen die
einem Elektronen-Kernspin-Abstand von maximal 1 nm entsprechen. Die ge-
pulste dipolare Spektroskopie - pulsed dipolar spectroscopy (PDS) - detektiert
Wechselwirkungen zwischen schwach gekoppelten Elektronenspins und ist sensitiv
fiir Interaktionen die einem maximalen Elektronen-Elektronenspin-Abstand von
8 nm entsprechen. Beide Techniken (Hyperfein-Spektroskopie und PDS) wurden
in vorliegender Arbeit verwendet um verschiedene strukturbiologische Aspekte
des TC-Aptamers zu untersuchen.

Das Ziel der Hyperfein-Spektroskopie Experimente war es, die Bindung des
Liganden TC zum TC-Aptamer bei niedrigeren und somit physiologischen diva-
lenten Metallionen Konzentrationen zu untersuchen. Das TC-Aptamer wurde

mittels electron-nuclear double resonance (ENDOR) und electron-electron double
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resonance detected NMR (EDNMR) untersucht. Da es sich bei EDNMR um
eine verhaltnismaflig neue Methode der Hyperfein-Spektroskopie handelt [36],
die zudem selten bei Q-band Frequenzen (34 GHz) angewandt wurde, wurde das
Potential von EDNMR bei Q-band Frequenzen zuerst an Mn®" Modellkomplexen
untersucht. Es wurde herausgefunden, dass eine Verwendung von gauf}férmigen
ELDOR Pulsen und sehr weichen Detektionspulsen (¢, = 400 ns) zu einer deut-
lichen Verringerungen der spektralen Breite des zentralen blind spots fiihren,
sodass "N single quantum (SQ) und double quantum (DQ) EDNMR Signale
detektiert werden konnten. N SQ EDNMR Signale waren nur ~ 3.5 MHz von
der Nullfrequenz entfernt, was eine Detektion von diesen Signalen mit Q-band
ENDOR in der Praxis unmoéglich macht. Die intrinsisch bereits sehr sensitive
EDNMR Technik wies bei Q-band Frequenzen eine nochmals erhohte Sensitivitét
im Vergleich zu W-band Frequenzen (94 GHz) auf. Dies ist durch eine groflere
Ubergangswahrscheinlichkeit von verbotenen Ubergingen bei niedrigeren Mikro-
wellenfrequenzen zu erkldren. Bei einem Einsatz von ELDOR Pulsen mit erhohter
Leistung kénnen Kombinationsfrequenzen erheblich an Intensitiat gewinnen, was
eine Auswertung der Spektren erschweren kann. DQ und sogar triple quantum
(DQ) EDNMR Signale von high-spin Kernen wie H, "N und 'O besitzen bei
Q-band Frequenzen ebenfalls eine hohe Ubergangswahrscheinlichkeit. Koppeln
mehrere dieser Kerne zum detektieren Eleketronenspin, kann dies zu einem
iiberfiillten und schwer zu analysierendem EDNMR Spektrum fithren. Nichts-
destotrotz erwies sich Q-band EDNMR als eine sehr niitzliche und sensitive
Methode zum Detektieren von Hyperfein-Wechselwirkungen.

Am TC-Aptamer wurden Hyperfein-Experimente an drei unterschiedlichen
Proben durchgefithrt. Hierfir wurde diamagnetisches Mg?" mit paramagneti-
schem Mn?" substituiert und *C gelabeltes TC verwendet. Zum einen wurde das
TC-Aptamer mit Mn?* in Abwesenheit von TC untersucht, zum anderen wurde
das TC-Aptamer mit Mn*" und entweder '*C-gelabeltem oder ungelabeltem
TC untersucht. *P Davies ENDOR Experimente ergaben nahezu identische
Spektren fiir alle drei Proben. Alle Spektren bestanden aus einer “kleinen” *'P
Hyperfeinkopplung mit a;s, = 4.5 MHz und einer “grofleren” Hyperfeinkopplug
mit a;s, = 9 MHz. Die 3P Hyperfeinkopplungen konnten durch Wechselwirkung

von Mn?" mit dem negativ geladenen Phosphatriickgrat der RNA erklirt werden.
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Die zwei 3'P Hyperfeinkopplungen konnten mittels eindimensionaler Hyperfein-
Spektroskopie jedoch keiner bestimmten Bindungsstelle zugewiesen werden. Die
Probe mit *C gelabeltem TC wurde auch mit **C Mims ENDOR untersucht. Da
es bekannt ist, dass TC auch einen freien Mn-TC Komplex bildet [104], wurde
auch ein *C Mims ENDOR Spektrum des freien Mn-'*C-TC Komplexes aufge-
nommen. Beide *C Mims ENDOR Spektren waren nahezu identisch. EDNMR
Experimente lieferten identische Information wie die ENDOR Experimente. Aus
den ENDOR und EDNMR Experimenten konnte somit kein Riickschluss gezogen
werden, ob bei niedrigeren divalenten Metallionen Konzentrationen TC {iiber ein
Mn?*-Ion mit der RNA wechselwirkt, oder ob hauptséchlich der freie Mn-TC
Komplex vorliegt.

Daher wurden Methoden der zweidimensionalen Hyperfein-Spektroskopie
verwendet, um unterschiedliche Kernspins (**C von TC, *'P von der RNA) zu
demselben Elektronenspin (Mn®") zu korrelieren. Als Methoden kamen hierfiir
2D-EDNMR und triple hyperfine correlation spectroscopy (THYCOS) zum Ein-
satz. Da beide Techniken noch selten genutzt und erst vor kurzem publiziert
wurden [34, 35], wurden experimentelle 2D-EDNMR und THYCOS Parameter
bei Q-band Frequenzen zuerst an Mn?T Modellsystem getestet und optimiert.
Nach einer erfolgreichen Optimierung wurden TC-Aptamer Proben mit gelabel-
tem *C-TC und ungelabeltem TC mit 2D-EDNMR und THYCOS untersucht.
Wihrend bei der ungelabelten TC-Aptamer Probe keine *C-3'P Kreuzsignale
zu sehen waren, wies die TC-Aptamer Probe mit *C-gelabeltem TC deutliche
BC-3P 2D-EDNMR und THYCOS Kreuzsignale fiir die innere *'P Hyperfein
Kopplung auf. Die Ausbildung des terniren RNA-Mn*"-TC Komplexes konnte
somit bestatigt werden. Bei einem Vergleich der 2D-EDNMR und TYCOS Daten
stellte sich heraus, dass 2D-EDNMR iiber eine groflere Sensitivitit als THYCOS
verfligt. Dafiir besitzt 2D-EDNMR, eine schlechtere Auflosung als THYCOS.

Das Ziel der PDS Experimente war es, konformelle Anderungen des TC-
Aptamers bei Ligandenbindung und die konformelle Flexibilitat in Abhéngigkeit
von der Mg?t Konzentration zu untersuchen. Als PDS Technik kam ausschlieflich
die pulsed electron-electron double resonance (PELDOR) Spektroskopie zum Ein-
satz. Fir Experimente mittels PELDOR Spektroskopie wurde das TC-Aptamer
mit zwei Nitroxidradikalen gelabelt. Als Nitroxidradikal kam hierbei das Cm
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Spin Label zum Einsatz. Das Cm Spin Label besitzt den grofien Vorteil, dass
es liber zwei kovalente und somit rigide Bindungen mit der RNA verbunden
ist und tiber einen sehr niedrigen Grad an interner Flexibilitdt verfiigt. Somit
kann iiber die Breite der Abstandsverteilung ein direkter Riickschluss auf die
konformelle Flexibilitdt der gelabelten RNA gezogen werden. Des Weiteren weist
das Cm Spin Label eine starke Orientierungsselektion (OS) auf. OS kann benutzt
werden um, neben reinen Abstandsinformationen, auch Winkelinformationen
zwischen zwei Nitroxid Spin Labeln zu erhalten. Q-band PELDOR Experimente
am TC-Aptamer lieferten das Ergebnis, dass das TC-Aptamer bei hohen Mg**
Konzentrationen (3mM) in seinem gefalteten Zustand vorliegt, unabhéngig von
der Tatsache ob der Ligand TC zugegen ist oder nicht. Bei mittleren Mg?*
Konzentrationen ist der Ligand jedoch eine treibende Kraft um das TC-Aptamer
zu falten und die Tertiarstruktur zu stabilisieren. So waren bei Konzentratio-
nen von 0.2 bis 1.2mm Mg®t die Abstandsverteilungen von Proben ohne TC
immer breiter als die Abstandsverteilungen von Proben mit gleicher Mg?* Kon-
zentration, jedoch in Anwesenheit von TC. Bei hohen Mg?t Konzentrationen
(3mM) waren die Abstandsverteilungen in An- und Abwesenheit von TC iden-
tisch. Orientierungsselektives X-band PELDOR wurde benutzt um die relative
Orientierung der gelabelten Helizes zueinander zu untersuchen. Dabei wurde
festgestellt, dass die Orientierung in gefrorener Losung der Orientierung der
Kristallstruktur entspricht.

Die Q-band PELDOR Ergebnisse an dem TC-Aptamer sind komplementar
zu einer kiirzlich veroffentlichten Fluoreszenz-, Isothermen Titrationskalometrie-
und Schmelzkurvenstudie [30]. Reuss et al. konnten zeigen, dass die Bindung von
TC nach einem 2-stufigen Bindungsmodell ablduft, und dass das TC-Aptamer
bei hohen Mg®" Konzentrationen und in Abwesenheit von TC bereits in seiner
fast endgiiltigen Tertiarstruktur vorliegt. Wahrend die Ergebnisse der Studie von
Reuss et al. auf thermodynamischen und kinetischen Parameter beruhen, unter-
sucht PELDOR gezielte Sekundérstrukturen quantitativ auf einer atomistischen
Ebene.

In der Zukunft konnten 2D-EDNMR und THYCOS Experimente bei ver-
schiedenen TC Konzentrationen benutzt werden, um festzustellen wieviel TC bei

physiologischen divalenten Metallionen Konzentrationen mit dem TC-Aptamer
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bindet. Da in vorliegender Arbeit 2D-EDNMR, und THYCOS Experimente nur
bei einer TC Konzentration durchgefithrt wurden, konnte tiber die Quantitét der
Ligandenbindung keine Aussage getroffen werden. Die erfolgreiche Anwendung
von 2D-EDNMR und THYCOS in dieser Studie ldsst den Schluss zu, dass diese
Methoden auch fiir die Untersuchung von anderen terndren Metallkomplexen
in der Biochemie von groBem Nutzen sein kénnen. PELDOR Mg®" Titratio-
nen kéonnten mit anderen Labelingpositionen wiederholt werden. Dies wiirde
Aufschluss iiber konformelle Anderungen und Flexibilititen von anderen Sekun-
darstrukturelementen geben. PELDOR Experimente bei hoheren Magnetfeldern
konnten helfen die in-plane Eulerwinkel v; und v, aufzulésen, woraus weitere
Winkelinformationen gewonnen werden konnen.

In ersten Mn?"-Nitroxid PELDOR Experimenten wurden ein einfach Ni-
troxid gelabelter TC-Aptamer und Substitution von diamagnetischem Mg*"
mit paramagnetischem Mn*" dazu genutzt, um die Affinitat der zusitzlichen
divalenten Metallionenbindungsstellen zu untersuchen. Mn*"-Nitroxid PELDOR
Messungen bei verschiedenen Mn*" Konzentrationen in An- und Abwesenheit
des Liganden ergaben, dass das Mn*"-Ion in der Néhe der AAAA-Sequenz die
hochste Affinitat von allen zusétzlichen Bindungsstellen besitzt. Jedoch sind wei-
tere Labelingpositionen notwendig um diese Hypothese zu untermauern. Sollten
die zusétzlichen Labelingpositionen die erwarteten Abstandsverteilungen liefern,
konnen die verschiedenen Abstandsverteilungen benutzt werden um tiber Trilate-
ration die Metallionenbindungsstellen mittels EPR zu lokalisieren. Dies konnte
die Auflésung der Kristallstruktur zu verbessern. Relaxation induced dipolar
modulation enhancement (RIDME) Experimente kénnten helfen das Signal-zu-
Rausch Verhéltnis der dipolaren Mn?"-Nitroxid Oszillationen zu verbessern.
Mn?"-Mn*" PELDOR Experimente bei verschiedenen Mn*" Konzentrationen
in An- und Abwesenheit von TC kénnten weitere unterstiitzende Daten liefern
um die Affinitdten der zuséatzlichen Metallionenbindungsstellen zu bestimmen.
Die Ergebnisse der Mn*"-Nitroxid PELDOR Experimente wéren auierdem her-
vorragend fiur molecular dynamics (MD) Benchmark Studien geeignet, um das

Potential von neuen RNA und Mn?* Kraftfeldern zu verifizieren.
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Abstract In recent years, electron—electron double resonance detected nuclear
magnetic resonance (EDNMR) has gained considerable attention as a pulsed elec-
tron paramagnetic resonance technique to probe hyperfine interactions. Most
experiments published so far were performed at W-band frequencies or higher, as at
lower frequencies detection of weakly coupled low-) nuclei is hampered by the
presence of a central blind spot, which occurs at zero frequency. In this article we
show that EDNMR measurements and a meaningful data analysis is indeed possible
at intermediate microwave frequencies (Q-band, 34 GHz), once experimental
parameters have been optimized. With highly selective detection pulses and
Gaussian shaped electron—electron double resonance (ELDOR) pulses it is possible
to detect low-y nuclei coupled to paramagnetic Mn*". Weakly coupled "N reso-
nances, which are separated from the zero frequency by only 2.8 MHz, were readily
detected. In systems where different spin active nuclei are coupled to the electron
spin, particular care has to be taken when using higher powered ELDOR pulses, as
combination frequencies from the two nuclei (Amg= %1, Amy; = %1,
Amy, = =£1) can lead to severe line broadening and complicated EDNMR spectra.
We also compare the EDNMR spectra of 3C-labeled Mn-DOTA to '*C-Mims
electron—nuclear double resonance to get a better insight into the similarities and
differences in the results of the two techniques for '*C hyperfine coupling.

<1 Thomas F. Prisner
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Institute of Physical and Theoretical Chemistry and Center of Biomolecular Magnetic
Resonance, Goethe University Frankfurt, Frankfurt Am Main, Germany

Department of Chemistry, Center for Advanced Electron Spin Resonance (CAESR), University
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1 Introduction

Electron—electron double resonance detected nuclear magnetic resonance (ELDOR-
detected NMR or just EDNMR) is a technique of pulsed electron paramagnetic
resonance (EPR) spectroscopy to measure hyperfine couplings of paramagnetic spin
centers to nearby spin-active nuclei. First proposed by the group of Arthur
Schweiger in 1994 [1], it took approximately ten more years until it found further
scientific applications and became a useful tool for research [2—4].

As the technique has gained wider applications several EDNMR review articles
have been published, describing the experiment in detail [5-8]. In this article, we
will, therefore, only give a short introduction to EDNMR. A more detailed
theoretical description can be found in the aforementioned references. A typical
EDNMR pulse sequence consists of two microwave channels, a detection channel
(vger) and an ELDOR channel (vg; p). The detection channel consists of a Hahn-echo
sequence and is operated at a fixed frequency to monitor the intensity of an allowed
EPR transition. The second microwave channel consists of a single, typically long
microwave pulse referred to as ELDOR or high-turning angle (HTA) pulse. vg; p of
the ELDOR pulse is normally swept symmetrically around v4.. Every time the
ELDOR pulse hits a formally forbidden transition of the type Amg = =*1,
Amy = %1 (or for high-spin nuclei also Am; = 2, +3, etc.) population from the
lower state is transferred to an excited state. The removal of population from the
lower state of the allowed transition manifests itself as a reduction of intensity of the
integrated spin echo in v4, as the population difference of the allowed transition is
reduced. As vgrp approaches vy, the ELDOR pulse saturates the detected EPR
transition. As a consequence, the integrated intensity drops to =zero at
Av = Vgip — V4ot = 0. This is commonly referred to as the central blind spot.
The unit of Av is typically given in MHz. Weakly coupled ligand nuclei resonate at
their respective Larmor frequency vy, with individual peaks split by the hyperfine
coupling constant A;. These nuclei yield a symmetric EDNMR spectrum with
respect to the central blind spot, as allowed EPR transitions in all nuclear spin
manifolds are excited simultaneously. Strongly coupled nuclei resonate at Ay/2 with
peaks being split by 2v; to first order. The EDNMR spectrum may be asymmetric
with respect to the central blind spot, if the allowed EPR transitions in the different
nuclear manifolds can be selectively excited, as demonstrated here for various Mn**
complexes.

The central blind spot is the reason why most of the currently published EDNMR
studies have been performed at high microwave frequencies (W-band, 95 GHz and
3393 mT for g = 2). At these field strengths weakly coupled nuclei, especially
those of low-y nuclei, have sufficiently high Larmor frequencies such that they are
no longer obscured by the central blind spot of the experiment. Examples include
work by Jeschke and Spiess [2], work by Sun Un et al. on Mn** systems [9-11],
work by the Goldfarb lab [12-15], the Lubitz lab [4, 16, 17] and the van Doorslaer
lab [18-20].

To the authors’ knowledge, only few EDNMR studies at lower microwave
frequencies have so far been reported. Examples include "H-EDNMR at X-band [3],
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strongly coupled ®'Ni-EDNMR at Q-band [21], strongly coupled '“N-EDNMR at
Q-band [22] and a Q-band EDNMR study on copper single crystals [23]. All these
studies, however, exclude the investigation of weakly coupled low-) nuclei such as
"N at these lower microwave frequencies and field strengths. In this work, it is
shown that useful information can be extracted from Q-band EDNMR data of Mn>"
model systems, even for low-y nuclei such as '*N and "0, once the experimental
parameters have been carefully optimized.

2 Q-band EDNMR versus High-Field EDNMR

High-field EDNMR comes with two major advantages the first one being that
weakly coupled low-y nuclei are well separated from the central blind spot. For
example, the biologically relevant '*N nucleus resonates at 10.2 MHz at W-band
frequencies, this means that weakly coupled '*N nuclei will only overlap slightly
with the Lorentzian-shaped central blind spot function, which has a FWHM (full
width half maximum) of typically 6 MHz [5]. Second, different nuclei are better
resolved from one another. At W-band, the frequency difference between **Na
(Vy3na = 37.8 MHz) and "C (vi3¢ = 35.9 MHz) is 1.9 MHz, whereas at Q-band,
the frequency difference is reduced to 0.7 MHz (vo3na = 13.5 MHz, vi3c = 12.8 -
MHz). Although the resolution of EDNMR at Q-band is accurate enough to tell if
predominantly *Na or '’C is present in the sample, it is difficult to give a
‘quantitative’ answer, as it is impossible to separate >’Na and '°C signals. Although
*Na and '°C signals are still not fully separated at W-band, the larger separation
facilitates a more quantitative treatment [10]. All Larmor frequencies given in this
article are based on g = 2 and vy = 33.5 GHz, By = 1200 mT and vy = 94.0 GHz,
By = 3360 mT for Q- and W-band, respectively, unless calculated with reference to
a specific example data set shown in a figure.

In contrast, an advantage of Q-band EDNMR over high-field EDNMR is that
forbidden transitions have an intrinsically higher transition probability (/;) at Q-band
as It is inversely proportional to the square of the Larmor frequency vy [1]:

2

2 =4 (2 =)’

Ia: ) (1)
VaVﬁ

and

2
2 =4 ()
If - ) (2)
V1V5

where I, and I; describe the transition probabilities of allowed and forbidden tran-
sitions, vy describes the nuclear Larmor frequency and v, and vg the nuclear tran-
sitions in the different electron spin manifolds. /¢ dictates the EDNMR intensity
h alongside with the nominal flip angle of the ELDOR pulse:
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h=1-1, COS(ﬁO\/E) — It COS(ﬁO\/E), (3)
with ﬁf = wELDtELD\/If = ﬁO\/If' Vy and Vg are defined as:
1/2

(v +A)*+ GB) 2] , (4)

and
1/2

vyl = [(VI —A)2+GB> 2] , (5)

where A describes the secular part of the hyperfine coupling and contains the
isotropic (a;s,) as well as the dipolar hyperfine interaction (7). B describes the
pseudosecular part of the hyperfine coupling and contains only the dipolar
contribution of the hyperfine interaction [24]. Equations (1), (2), (4) and (5) are only
valid for an S = 1/2, I = 1/2 spin system. For high-spin systems, the zero-field and
quadrupole interactions lead to an additional level mixing of the spin states and,
therefore, to an increase in /. These high-spin terms are also inversely proportional
to vf. As a consequence, their impact on I; is larger at smaller magnetic fields
[25, 26]. For spin-1/2 nuclei such as 5N and 3'P, which are known to have
relatively small pseudosecular contributions to the hyperfine interaction Hamilto-
nian in Mn“—coupled systems [27, 28], I+ can become rather small, especially at
higher fields.

Another important aspect of EDNMR is its reproducibility, to allow comparison of
different samples (e.g., different incubation times for ABC transporters with Mn>"/
ATP to investigate the transport cycle [29]). Reproducibility for EDNMR data is in
large parts dictated by the effective B, field of the ELDOR pulse. This varies with the
pulse frequency as it depends on the bandwidth profile of the resonator used. In our
experiments, we have found that the Bruker EN 5170 D2 probehead is a robust
resonator, which is easy to tune and gives similar bandwidth profiles for samples in
similar solvent systems. An automatized nutation experiment with good resolution to
probe the resonator bandwidth is routinely performed in under 10 min.

A further advantage of Q-band EDNMR is more of a practical nature: Q-band
spectrometers are more widespread than W-band spectrometers. Additionally
modern commercial Q-band spectrometers can be purchased with built-in AWG
systems, this offers the possibility to easily use Gaussian shaped ELDOR pulses,
which somewhat reduces the problem of the central blind spot (see Sect. 4.1).

3 Methods
3.1 Sample Preparation

For the Mn*" hexaaqua complexes, an appropriate amount of MnCl,-4H,O (Sigma-
Aldrich) was dissolved in ddH,O to yield a 40 mM stock solution. An aliquot of the
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stock solution was then further diluted with ddH,O or H)’O (Nukem Isotopes,
>70% wiw isotope purity) to yield 4 mM Mn>" solutions. Small amounts were
then mixed with methanol (50%, v/v) as glassing agent to yield a final 2 mM Mn**
solution.

For Mn-DOTA complexes, an appropriate amount of DOTA (Strem Chemicals)
or °C-labeled DOTA was dissolved in a 100 mM buffered triethanolamine solution
at pH 7.5 to yield a 4 mM DOTA solution. Mn(ClOy4),-4H,0O (Sigma-Aldrich) was
then added to yield an equimolar Mn?"/DOTA solution. Complete formation of the
Mn-DOTA complex was verified with X-band CW-EPR at room temperature. In
case of Mims electron—nuclear double resonance (ENDOR) experiments, the matrix
was deuterated by lyophilisation and redissolution in D,0O. For pulsed EPR
measurements, glycerol (or deuterated glycerol) was added as a glassing agent
(50%, v/v) to yield a 2 mM Mn-DOTA solution.

3.2 Synthesis of >C-DOTA

3C.DOTA was synthesized as reported earlier [30, 31]. 0.25 g of cyclen
(1.45 mmol) was dissolved in 2.5 mL of ddH,O. The solution was gently heated
to facilitate complete dissolution. The alkaline solution was then neutralized with
2 mM hydrochloric acid. In a separate flask, 1 g of 1,2-'>C-bromoacetic acid
(7.20 mmol) was dissolved in 2.5 mL of ddH,O. The solution was then cooled with
an ice bath and neutralized with sodium hydroxide in such a way that a temperature
of 5 °C was not exceeded. The two solutions were then mixed together and the
temperature was elevated to 80 °C. Concentrated sodium hydroxide was added to
maintain pH 13. After the reaction was complete, the solution was acidified to pH
2.5, upon which precipitation occurred. The white precipitate was isolated, washed
with ethanol and recrystallized twice in ddH,0.

'H NMR, 250 MHz, D,0, 6 (ppm): 3.78 (s, br, 8H, acetate), 3.28 (s, br, 16H,
cyclen ring). MS (ESI +) m/z: [M + H] + Calcd for C8'°C8H28N408 413.36;
found 413.24, [M + Na] + Calcd for C8'°C8H28N408 435.35; found 435.24.

3.3 EPR Spectroscopy and Data Analysis

Pulsed EPR measurements were performed at Q-band on a Bruker ES80
spectrometer with an EN 5170 D2 ENDOR probehead. The spectrometer was
equipped with either a Bruker AmpQ 10 W solid-state amplifier or a 150 W
traveling-wave tube (Applied Systems Engineering Inc.) for microwave amplifica-
tion. EDNMR experiments were performed either in a ‘conservative’ manner using
microwave pulse-forming units and an external SuperQ-FTu ELDOR source for
probe and pump frequencies, respectively, or using a Bruker SpinJet-AWG. In all
pulsed experiments the temperature was kept at 5 K using a continuous-flow helium
cryostat (CF935) and an ITC 502 temperature control unit, both from Oxford
Instruments.

RF frequencies were generated from a Bruker DICE-II system and amplified with
an externally blanked 2 kW Dressler amplifier (LPA 10020 LF). A 30 MHz low-
pass filter (RF Limited DF-3000) was used to cut off higher harmonics. The RF was
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connected via a Noise Suppressor to the resonator and terminated on the other side
with a 50 Q load.

Echo-detected field-swept experiments were performed using the standard Hahn-
echo sequence 1,/2 — © — t, — 7 echo (f, = 40 ns, T = 400 ns). Unless otherwise
stated, EDNMR experiments where performed using a tgyp — T —1/2 — 1 -1, — 7
echo sequence with fg p = 9000 ns, T = 8000 ns, 7, = 800 ns, T = 1800 ns. The
integration width of the echo was set to 800 ns, centered around the maximum of
the spin echo. No transients were collected. The shot repetition time was set to
3000 ps with 20-50 shots per point. The sweep width of the frequency of the
ELDOR pulse was 440 MHz with a frequency increment of 0.2 MHz, symmetri-
cally placed around the detection frequency. The detection frequency (vge)) Was
chosen to be equal to the frequency of the central dip feature of the resonator
bandwidth profile, such that the variation in ELDOR amplitude is approximately
symmetric about v4.,. Amplitudes of ELDOR pulses were extracted from nutation
experiments at the detection frequency with subsequent Fourier transformation.
Mims ENDOR experiments were performed using the 7, — 1 —t, — trp —
T—1t,—1t echo pulse sequence with 7, =20ns, frr= 27,500 us and
T = 5500 ps. The length of the RF pulse was optimized by nutation experiments
of the RF pulse close to v3c. T values were incremented in steps of 50 ns from 300
to 2000 ns. The RF sweep width of 6 MHz started at 9.9 MHz with a frequency
increment of 10 kHz. The shot repetition time was set to 60 ms with 1 shot per
point. The random acquisition mode was used to minimize baseline artifacts [32].
The ENDOR-efficiency was calculated to &(t, vgp) = (Irg—1o)/Ip, where I is an
average value of an off-resonant frequency range. The resonator bandwidth for all
pulsed EPR experiments was approximately 100 MHz.

Density functional theory (DFT) calculations were performed using the ORCA
4.0 package [33]. The PBEO hybrid functional with a 6 — 31 4 G(d, p) basis set
were used for calculation of EPR parameters of the Mn—-DOTA complex [34]. The
C-PCM solvation model (water as a solvent) was used to obtain more accurate
information about a;, [35]. Similar settings were recently used by Un and Bruch in
a hyperfine coupling benchmark study of Mn”* systems [11]. The geometry of the
crystal structure of Mn—-DOTA was used as a starting point for DFT calculations
[36].

4 Results

The following section is ordered as follows: Sect. 4.1 deals with the optimization of
important experimental parameters to obtain Q-band EDNMR spectra with a
sufficient narrow width of the central blind spot. Section 4.2 then deals with Q-band
EDNMR spectra of different Mn?" systems, namely the hexaaqua complex, the '’O-
labeled hexaaqua complex, Mn-DOTA and Mn-'">C-DOTA. Section 4.3 is
dedicated to the investigation and explanation of combination frequencies, which
appear when using higher powered ELDOR pulses. Section 4.4 compares EDNMR
to the Mims ENDOR technique with the aim of getting a better insight into the '*C
hyperfine coupling of Mn—'">C-DOTA.
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In terms of nomenclature in this paper, a sq EDNMR transition describes a
transition in which the projection of both the electron spin and the nuclear spin is
changed (Amg = £1, Am; = £1). Consequently, dq and tq describe double and
triple quantum transitions in which Amg = £1, Am; = £2 and +3. Transitions in
which two different nuclei change their projection (e.g., '"H and *>Mn) are denoted
as mq transitions [Amg = 1, Amy; = £1, Amy, = %1 (or £2, etc., for high-spin
nuclei)] and also called combination frequencies.

4.1 Optimization of Experimental EDNMR Parameters

As already detailed in the previous section, the central blind spot plays a crucial role
in EDNMR experiments at Q-band. An important step in setting up a Q-band
EDNMR experiment is, therefore, the optimization of the width of the central blind
spot; making it narrow enough so as not to obscure signals from any low-y nuclei
present while at the same time using an ELDOR pulse of sufficient power to excite
the formally forbidden electron and nuclear transitions. Figure 1 shows a series of
EDNMR spectra of [Mn(H,0)s]*" with different pulse lengths, amplitudes and
shapes for the detection and/or the ELDOR channel. 2 denotes the hole-depth
parameter of the central blind spot, and Av;/, the full width at half maximum of the
central blind spot. The only nuclei visible are proton signals appearing at ca.
£51 MHz. The first three spectra were recorded with 50-100 ns detection pulses
and 1000, 4500 and 9000 ns long ELDOR pulses, respectively, with an identical
microwave amplitude wg; p. As expected, & and the intensity of the proton signals
increases with stronger ELDOR pulses. All three spectra are characterized by an
excessive line broadening of the proton signals and the central blind spot caused by
relatively unselective detection pulses and a short echo integration window, which
1s the most important factor in determining the resolution of detectable EDNMR
signals [8].

The 4th, 5th and 6th spectra were recorded with highly selective 400—800 ns
detection pulses, and 9000 ns long ELDOR pulses with different microwave
amplitudes. With strong ELDOR pulses (wg p = 5.0 X 107 rad s™1) an almost-
complete saturation of the allowed EPR transition as well as the forbidden proton
transition is possible. Although spectra recorded with highly powered ELDOR
pulses are characterized by a broad central blind spot, which renders detection of
low-y nuclei difficult, the line shape of proton signals is much better resolved in
comparison to the first three spectra. The proton line shape did not change when
using ELDOR pulses of shorter length than 9000 ns with 400-800 ns detection
pulses, indicating that any magnetization transfer artifact from the 9000 ns long
ELDOR pulse can be neglected [8].

The signals appearing at approximately 60 MHz in the 4th and 5th spectra are
part of >Mn-'H combination frequencies, which are discussed in detail in Sect. 4.4.

The influence of the length of the detection pulses and the echo integration
window on EDNMR is best visible when comparing the 3rd spectrum to the 6th
spectrum in which all experimental settings are identical except for the length of the
detection pulses and the echo integration window; the shorter detection pulses and
integration window leads to a broadening in the detected proton signals.
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«4Fig. 1 ELDOR-detected NMR spectra of [Mn(HQO)ﬁ]ZJr recorded at Q-band frequencies
(vo = 33.855 GHz) and 5 K with different pulse lengths, shapes and amplitudes. The magnetic field
was selected to be at the position of the 3rd hyperfine peak (By = 1206 mT). wgp is the amplitude
(strength) of the ELDOR pulse, & denotes the hole-depth parameter and Av;, the full width at half
maximum of the central blind spot. In all cases the strength of the detection pulses was selected to yield a
maximum echo intensity. 'H signals are centered around |4v,yl = 51.3 MHz. For more experimental
details see Sect. 3.3

Consequently, Q-band EDNMR is always a compromise between the signal-to-
noise ratio and the width of the central blind spot. For our Q-band studies, the most
convenient setup consisted of a 9000—400-800 ns pulse scheme with
opip = 1.2 x 10" rad s™'. In case of low concentrations (e.g., membrane
proteins), it may be better to use 200—400 ns detection pulses, as the line
broadening of the proton signals and the central blind spot was seen to be minimal
in our studies. The shape of the central blind spot for rectangular ELDOR pulses
was a pure Lorentzian as expected [17], with minor deviations stemming from a
non-symmetric resonator profile.

As previously demonstrated in the original hole-burning EPR techniques by the
group of Arthur Schweiger (FT-detected NMR and ELDOR-detected NMR) [1, 37],
the use of Gaussian shaped ELDOR pulses leads to a considerable narrowing of the
central blind spot, especially at its flanks, while retaining the intensity of the
forbidden proton transitions (6th and 7th spectrum in Fig. 1). The FWHM of the
central blind spot can be reduced even further (8th and 9th spectrum in Fig. 1) by
reducing the power of the ELDOR pulse. For wg p = 3.5 x 10° rad s~', however,
the intensities of the forbidden transitions become rather small, especially as proton
signals typically give the most intense EDNMR signals. The ‘trident’-like feature
close to vy, which is visible in the 7th, 8th and partially in the 9th spectrum of Fig. 1,
must not be mistaken as a real signal. It is rather an artifact stemming from an
imperfect Gaussian line shape of the ELDOR pulse. These artifacts can be
distinguished from possible real signals by reducing the ELDOR amplitude and
carefully monitoring the frequency of the observed signal. Upon reducing the
ELDOR amplitude from wg p = 1.2 % 107 rad s7! to wgip = 5.9 x 10° rad s7!
the outer ‘triplet signal’ maxima move from £1.9 to £1.1 MHz (7th and 8th
spectrum in Fig. 1). If the ‘triplet signal’ would be real, one would expect a slight
increase in frequency (if any), as at lower ELDOR powers the signals will convolute
less with the narrower blind spot function. The use of Gaussian shaped detection
pulses did not yield improved EDNMR spectra in terms of the FWHM of the central
blind spot in comparison to rectangular detection pulses.

4.2 Q-band EDNMR Spectra of Mn** Complexes

Figure 2 shows a series of Q-band EDNMR spectra of different Mn** complexes;
namely the hexaaqua complex ([IMn(H,0)¢]*™), the '"O-labeled hexaaqua complex
(IMn(H3’0)6]*"), the Mn-DOTA complex and the '*C-labeled Mn-DOTA
complex. The echo-detected field-swept spectra (EDFS) of all four compounds
are shown as insets on the left-hand side of each EDNMR spectrum with asterisks
denoting the magnetic field positions for EDNMR experiments. Not surprisingly,

@ Springer



1384 T. Hetzke et al.

m=+3/2 —+5/2
m=+5/2 —+3/2

v, N
allowed EPR with m=+5/2

m=+1/2 —-1/2 m=-3/2 —-1/2

m=-1/2 »+1/2 N ﬂ m=-1/2 —-3/2
allowed EPR with m=-1/2 rect ELDOR

Sq170

* mg=+1/2

S q 170 =
mg=-3/2 —

[Mn(H,"0).J*
Lo 0 10 20 30 40 50 60

* rect ELDOR

SQun tt

Mn-DOTA A9,
0 5 10 15 20 25 30
__JL > .

* rect ELDOR
SqBC
Sq1.w ol )
Mn-"C-DOTA Ay Lt
0 5 10 15 20 25 30
"A A I~
| | | | | | |
-150 -100 -50 0 50 100 150

Av [ MHz

Fig. 2 Spectra from the top of figure: Q-band EDNMR of [Mn(H,0)g]*" at different magnetic fields
(1st, 3rd and 6th hyperfine peak), [Mn(H3’0)6]*", Mn-DOTA and Mn-">C-DOTA (3rd hyperfine peak).
Spectra were normalized to [0,1] and inverted. Echo-detected field-swept spectra are shown as insets on
the left and expansions of the blind spot region with rectangular (wg p = 1.2 x 107 rad s~ ') or Gaussian
shaped ELDOR pulses (wg p = 6.0 X 10° rad s~1, pale color) are show as insets on the right. For the
hexaaqua complex, forbidden transitions are labeled for different allowed EPR transitions (Amg = +1 is
omitted for sake of clarity). Strongly coupled **Mn signals appear around 150 and +110 MHz, whereas
weakly coupled protons are centered around |+v,yl = 51 MHz. Larmor frequencies of other relevant
nuclei: vi7;0 =69 MHz, I =5/2; viu=37MHz, I=1; vi3c=128 MHz, I = 1/2 (color
figure online)
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the '"O-labeled hexaaqua shows the broadest EDFS spectrum due to unresolved 'O
hyperfine couplings with FWHM = 2.4 mT for the 3rd hyperfine peak, whereas
FWHM = 1.6 mT for the unlabeled hexaaqua complex. The EDFS of Mn-DOTA
complexes are characterized by a smaller FWHM of 0.9 mT, which is expected, as
the Mn-DOTA complexes have a smaller zero-field splitting compared to the
hexaaqua complex [38].

The EDNMR spectra of the unlabeled hexaaqua complex were recorded at three
different magnetic field positions (1st, 3rd and 6th hyperfine peak). Signals of the
strongly coupled >>Mn nucleus (vsspn, = 12.7 MHz, I = 5/2) appear at approxi-
mately +155 and 115 MHz, respectively. As expected, the two signals at the right
hand side and the left hand side of the EDNMR spectrum are centered at la;l/2,
which yields an isotropic >°Mn hyperfine coupling of la;s,| = 269 MHz. It should be
noted that the isotropic hyperfine coupling of >>Mn is known to be negative [39].
Throughout this article, absolute values are given for the hyperfine coupling as
EDNMR spectra are not sensitive to the sign of the isotropic hyperfine coupling. If
the magnetic field is set to one of the outer hyperfine peaks (yellow/1st or blue/2nd
EDNMR spectra in Fig. 2), the EDNMR spectra become asymmetric with respect to
the >>Mn resonances. For outer hyperfine transitions, each allowed EPR transition
(Amg = £1, m; = —5/2 or Amg = £1, m; = +5/2, yellow/1st and blue/2nd spectra
in Fig. 2, respectively) is connected to two forbidden EDNMR transitions only. If
the magnetic field is on resonant with one of the four inner hyperfine peaks, each
allowed EPR transition is connected to four forbidden *>Mn EDNMR transitions
(red/3rd spectrum in Fig. 2). For a distinct labeling of the different forbidden
transitions, the reader is referred to Fig. 2.

The splitting between the two >>Mn resonances on each side of the EDNMR
spectra is larger than the expected first order expression of Av = 2vssy, = 26 MHz
for a strongly coupled *>Mn nucleus. Sturgeon et al. used perturbation up to the third
order to evaluate the splitting in their >Mn X-band ENDOR spectra [40]. As
proposed in their study, the deviation of the splitting from Av = 2vssy, decreases
with higher microwave frequencies from 70% at Q-band (Av = 44 MHz, as
observed in this study) to 10% at W-band (Av =77 MHz where
Av = 2vssp, = 70 MHz, Cox et al. [5]). In addition, the quadrupole interaction
of the *>Mn nucleus is also known to affect the position of the >5Mn lines slightly
[41].

In contrast to strongly coupled >>Mn nuclei, weakly coupled 'H nuclei, observed
as signals at ca. £51 MHz, are not subject to asymmetries depending on the
magnetic field positions. This is because the hyperfine coupling of weakly coupled
"H nuclei is smaller than the inhomogeneous EPR linewidth. As a consequence, the
detection pulses excite both allowed EPR transitions simultaneously (e.g.,
Amg = £1, my=—1/2 and Amg= *+1, m;= +1/2), thus making the
"H EDNMR spectrum symmetric around the central blind spot at all field positions.

The EDNMR spectrum of the '"O-labeled hexaaqua complex in Fig. 2 (purple/
4th spectrum) shows a more complex spectrum than the hexaaqua complex.
Although the resonance frequencies of the >>Mn sq EDNMR transitions at +155 and
4115 MHz remain unchanged, many satellite transitions appear on both sides of the
spectrum at the expense of >°Mn sq signal intensity. A more detailed explanation is
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given in Sect. 4.4 of this article. Additional signals close to the blind spot region
belong to resonances from the 70 nucleus (vi70 = 6.9 MHz, I = 5/2). The
advantage of using a Gaussian shaped ELDOR pulse over a rectangular ELDOR
pulse is illustrated in the inset, showing a close-up of the blind spot region of the
70-labeled hexaaqua complex. An intense signal close to vy7o at 6.3 MHz,
originating from 2nd shell 'O nuclei, is visible in both cases. The deviation from
V170 1s most likely caused by a convolution with the function of the central blind
spot. The signal at 9.9 MHz originates from 1st coordination sphere ''O nuclei in
the mg = —1/2 manifold. The splitting to the matrix line is 3.7 MHz, which is half
the 'O hyperfine coupling reported in previous studies (la,l = 7.5 MHz)
[5, 42, 43]. The EDNMR signals of 1st coordination sphere 70 nuclei in the
mg = +1/2 manifold are expected at approximately 2.5 MHz and are not resolved
due to severe overlap with the blind spot. Although a ‘signal’ is visible at 2.3 MHz
for Gaussian shaped ELDOR pulses, it is not possible to conclusively say if this is
an actual signal of the '’O nuclei or rather an artifact caused by Gaussian shaped
ELDOR pulses, which is also visible in Fig. 1. The signals in the range around
20 MHz are difficult to analyze with rectangular ELDOR pulses. With Gaussian
shaped ELDOR pulses it is clear however that two signals can be clearly
distinguished. The first signal resonates at 17.3 MHz and stems from '’O nuclear
transitions in the mg = —3/2 manifold. The signal at 20.3 MHz is assigned to a 70
nuclear double quantum transition (Am; = £2). To first order, double quantum
resonances are centered at 2v7o and split by 2A,;70. The second double quantum
signal is expected at approximately 7 MHz and therefore is most likely obscured by
the more intense sq signals. The broad signal at 31.0 MHz is finally assigned to a
70 nuclear triple quantum transition (Am; = £3). Here, signals are expected to be
centered at 3vy7o and split by 3A,70.

The surprisingly large intensity of nuclear double and even triple quantum transitions
can be explained by evaluating the different contributions to the spin Hamiltonian.
Firstly, 'O is a high-spin nuclei with a relatively large quadrupole interaction of e*qQ/
h =7 MHz and n = 1 [43]. This leads to larger off-diagonal elements in the spin
Hamiltonian and therefore an increased level mixing of nuclear spin states and an
increased transitions probability, Ir. This effect is increased at Q-band frequencies, as the
quadrupole interaction, the principal values of the hyperfine tensor and the nuclear
Zeeman interaction have very similar magnitudes [44, 45].

The last two spectra show Q-band EDNMR spectra of a Mn—-DOTA complex,
either unlabeled or partially '*C-labeled (see Sect. 3.2 for more experimental
details). Due to the smaller >Mn hyperfine coupling of la;s,| = 255 MHz of Mn—
DOTA, the >>Mn resonances are centered around a slighter smaller frequency value.
The signals at 150 and £110 MHz are broader than the >Mn signals of the
hexaaqua complex, which is due to unresolved >Mn-"*N combination signals (see
Sect. 4.3). The width of the proton signals of Mn—DOTA at +51 MHz are clearly
smaller than the proton signals of the hexaaqua complex, which is in agreement with
"H-ENDOR [28]. The insets reveal many signals close to the blind spot region for
both complexes. The signals at 2.7 and 4.4 MHz have been identified as s EDNMR
transitions of the '*N nucleus (vian = 3.7 MHz, I = 1), as they are centered around
the vi4n Larmor frequency and split by 1.7 MHz, which is similar to reported values
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for Aj4n in Mn-DOTA systems [28, 38]. The signals appearing at 6.4 and 9.6 MHz
are consequently assigned to '*N dq EDNMR transitions. The peak at 12.8 MHz
belongs to a sq transition of 13C nuclei (vi3c = 12.8 MHz, I = 1/2). Interestingly, a
signal with a much smaller intensity is also visible in the unlabeled sample at the
same frequency. We assign this feature to natural abundance '*C, which is plausible
as firstly EDNMR is known to be sensitive enough to detect natural abundance '*C
[10], and secondly Mn—-DOTA offers a very carbon rich environment. Q-band
EDNMR was not able to resolve the rather large and recently reported '*N
quadrupole interaction (e’qQ/h = 4.5 MHz) [28]. Just as in the case of 70, the '*N
quadrupole interaction is of comparable magnitude to the nuclear Zeeman
interaction and the hyperfine interaction leading to strong mixing of nuclear spin
states, which results in an increased forbidden transition probability, /.

4.3 Combination frequencies

Some nuclei exhibit a relatively small forbidden transition probability, Ir. *'P
(vs31p = 20.8 MHz, I = 1/2) for example, is a spin-1/2 nuclei with a reasonably large
isotropic hyperfine coupling constant and a small dipolar hyperfine contribution for
weakly coupled ligand *'P nuclei in Mn*" systems [11, 27]. Both features lead to a
smaller /¢, which is disadvantageous for detecting these interactions using EDNMR. In
some cases, especially at lower concentrations or in cases of poor ligand binding, it is
therefore useful to use higher-powered ELDOR pulses to increase the intensity of the
signals observed. Higher-powered ELDOR pulses, however, also lead to the
appearance of combination frequencies involving the simultaneous excitation of
two different nuclei (Amg = £1, Am;; = 1, Am;, = £1). Combination frequen-
cies have previously been observed at W-band frequencies [5, 8]. At Q-band,
combination frequencies will be intrinsically more intense, as Iy o 1/v. In addition,
more weakly coupled nuclear will approach the ‘cancelation condition’; Ay = 2v;. In
this section we therefore include a more in-depth explanation of combination
frequencies at Q-band, with reference to the systems presented in Fig. 2.

Figure 3 shows a spin-ladder diagram of an unpaired electron with S = 1/2
coupled to two nuclei with /; = 1/2 and I, = 1/2. In the diagram the first nuclei is
strongly coupled with A; < 0 and yy,; > 0O, in the same way that we have already
seen for the central nuclear transition of >Mn. The second nucleus is weakly
coupled with A, > 0 and yn ., > 0, as observed for a proton coupled to Mn*" in all
of the systems shown in Fig. 2. In such a case the spin Hamiltonian is defined as:

H = BB}S/h — Px1881BS/h + SAL — Puagn2BS/h+ SA L. (6)

Assuming the high-field approximation is valid for electron and nuclear Zeeman
interactions, the frequencies of the allowed EPR transitions are given by:

VERR | 2.6 = Eupp — Eppp = vs +A1/2 — A2/2, (7)
VEPR | 2,0 = Eapy — Eppy = vs +A1/2 +A2/2, (8)

vs describes the Larmor frequency of the electron. In accordance with Fig. 3 two
allowed EPR transitions are found, as for the strongly coupled nucleus I; only the
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Fig. 3 Spin-ladder energy diagram of S = 1/2 coupled to two nuclei with /; = 1/2 and I, = 1/2. The
first nuclei is strongly coupled (A; < 0 and yn; > 0). As a consequence, a selective excitation of the
allowed EPR transition with Amg = £1, Amy; = f is possible. The second nuclei is weakly coupled with
A; > 0 and yno > 0. Therefore, both allowed EPR transitions are excited simultaneously. Black lines
allowed EPR transitions with either my; = f, my, = f (left) or my, = f, my, = a (right). Solid gray
lines EDNMR sq transitions with Amg = £1, Am;; = %1 and Am;, = 0. Dotted gray lines EDNMR mq
transitions with Amg = +1, Amy; = £1 and Am;, = +£1. For all types of lines: Thin lines correspond to
electronic transition frequencies (ca. 34 GHz at Q-band) whereas bold lines correspond to nuclear
frequencies (MHz)

allowed EPR transition with my; = f is considered. In the following text, sub-
scripted expressions describe the ‘type’ of transitions (EPR, sq, or mq) and to which
allowed EPR transitions they are connected (my, = f§ or my, = o, see Fig. 3).
Superscripted expressions describe the electron spin manifold from which the
nuclear frequencies stem. For forbidden transitions of the type Amg = +I1,
Amy = =£1 one finds:

Vaqt |26 = Eoop = Eppp = Vs — Vi1 — A2/2, (9
Vsq2| 2.8 = Eupp — Epup = Vs + Vi1 — A2 /2, (10
Vgl | 2.0 = Eou — Epps = Vs — Vi1 +A2/2, (11
Veq2 | 2.0 = Eupy — Epus = Vs + V11 + A2 /2. (12
Forbidden transitions of the type Ams = +1, Amy; = £1, Amy, = %1 yield:
Vgl | 2,8 = Euow — Eppp = Vs — Vi1 — V12, (13)
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Vg2 2,8 — Eoc[?ﬂ - Eﬂm =vs+ Vi1 + V12, (14)
Vmql |2, = Eococ[i’ - E[)’ﬁot =Vs — V11 + V12, (15)
Vg2 | 2.0 = Eupe — Egap = Vs + Vi1 — Vi2- (16)

To find the nuclear/EDNMR frequencies, the frequencies of the corresponding
allowed EPR transitions must be subtracted from the different forbidden transitions
defined above:

o _ _ J—
Viq = Vsql |28 — VEPR | 2.6 = Vsql |24 — VEPR |22 = — V11 — A1/2, (17)

qu = Veq2 |28 — VEPR |28 = Vsq2 | 2.2 — VEPR |20 = V11 —A1/2. (18)

These frequencies reflect the familiar strong coupling regime. However, in the
case of Mn”" these expressions are not valid as the large hyperfine coupling and the
high-spin system mandate the use of higher order terms [40]. Nevertheless, they can
be used to gain a more complete understanding of the combination peaks. The
EDNMR frequencies of the combination peaks can be calculated by:

Vingl 12,8 = Ymql |2, — VEPR|2,§ = — VLI —A1/2 —vi2+A2)/2

” (19)
= Vg — V12 +A,/2,
vﬁqz 126 = Ymq2 |26 — VEPR| 2,6 = VL1 — A/2+vip +Ay)/2 (20)
=0 +via +4A2/2,
Vﬁlql 12,2 = Ymgl |22 — VEPR [2,0 = — VI —A1/24 v —Ay)/2 o)
= Vgq t V12 —A2/2,
vﬁqqZ 120 = Ymq2| 2.0 ~ VEPR |20 = VLI —A1/2 —vip —Ay)/2 22)

= qu —VI2 —A2/2.

Equations (19-22) show that two combination frequencies are centered around
each sq EDNMR transition, although it should be noted that these two combination
frequencies are connected to different allowed EPR transitions (Vepri2,4 O VEPR2,p)-
The combination frequencies of Egs. (19) and (21) are centered around the sq
EDNMR transition vg, and split by 2vi, — A,. Combination frequencies of
Egs. (20) and (22) are centered around qu and split by 2v;, + Aj:

Av; 1,2 = vI[iqu |28 vI[iqu | 2,2 = 2VI,2 + A, (23)

& o _
AV = Vgt |24 — Vmgl |2, = 2V12 — As. (24)

Figure 4 shows a series of Mn®>" Q-band EDNMR spectra recorded using higher
powered ELDOR pulses to allow the combination frequencies of the type
Amg = %1, Amy; ==+1, Am,==+£1 or even Amg==£l, Amy = %1,
Amy, = £2 to be resolved. Only the left-hand side with the magnetic field set to
the 3rd hyperfine peak is shown; here the Amg = 1, mssy, = —1/2 «— +1/2
transitions are excited, which exhibit a narrower linewidth than the outer >Mn
nuclear spin manifolds [25, 26]. For the unlabeled hexaaqua complex, four distinct
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Fig. 4 Q-band left-hand side EDNMR spectra of [Mn(H,0)6]*" (orange), [Mn(H3’O)¢]*" (purple), Mn—
DOTA  (green) and Mn-"*C-DOTA  (biue) with  higher-powered ~ELDOR  pulses
(wgrp = 8.2 x 107 rad s71) to resolve various combination frequencies. 3Mn signals appear around
—150 and —110 MHz, whereas weakly coupled protons are centered around —v;y = —51 MHz. Various
combination frequencies of lH, 13 C, “N and '"0O with >>Mn are visible, which are centered around one of
the 3°Mn sq signals. Dotted lines combination frequencies centered around the >*Mn signal at —110 MHz
(qu). Dashed lines combination frequencies centered around the >Mn signal at —150 MHz (v:‘q). Dash-
dotted line combination frequencies of 3¢, N and 'O with 'H, centered around —v;y = —51 MHz.
The expressions above the EDNMR spectrum of [Mn(H,0)s]*" correspond to transitions shown in Fig. 3
and the analytical expressions given in Egs. (19)—(24), although the analytical expressions do not take
into account high-spin effects and higher order effects that are necessary to account for the large >>Mn
hyperfine coupling [40]. Asterisks denote combination frequencies of the type Ams = £1, Amy; = %1,
Amy, = 2. Larmor frequencies of other relevant nuclei: vi;0 = 6.9 MHz, I = 5/2; vi4n = 3.7 MHz,
I =1; vi3c = 12.8 MHz, I = 1/2 (color figure online)

additional signals are visible which correspond to the four combination frequencies
given in Egs. (19)-(22) and which are drawn in Fig. 3. The signals marked with
Avy, 1ussmn are centered almost perfectly around the 3Mn sq transition at
—113.3 MHz (the experimentally measured center between the signals was:
V1. 1a55smn = 113.4 MHz, with a frequency separation between the peaks of:
Avi 1gssmn = 103.0 MHz). From this point on Vv notates the experimentally
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measured center frequency between two peaks and Av the frequency separation
(splitting) between them. The signals marked with Av, yssmn, On the other hand,
are centered around the >>Mn sq transition at —156.6 MHz (5, 1gssypn = —156.6 -
MHZ, AVZ’ 1H55Mn — 101.6 MHZ)

As predicted by Egs. (19-22), the splitting of Avy jpgssma is slightly larger,
which is due to additive hyperfine coupling. The difference of ca. 2 MHz between
Avi 1ussmn and Av, jgssmn 1S not an error of the experiment. Indeed, it was
reproduced with different samples at high accuracy. 'H->Mn combination
frequencies are also visible in all other samples, although they shift to smaller
frequencies for Mn—-DOTA complexes, as here la;s,| gets smaller and correspond-
ingly the Mn sq peaks shift to smaller absolute frequencies (—148.3 and
—106.7 MHz). For Mn—-DOTA complexes it was found that: v{ jgssypm = —106.0 -
MHZ, Avl, 1H55Mn — 103.8 MHz and \72’ 1H55Mn — —148.3 MHZ, A\)z, 1H55Mn —
102.0 MHz.

It should be noted, that 'H->>Mn combination frequencies are also centered
around the 'H sq peaks. Equations (19-22) show that two combination frequencies
which are centered around one sq transition are connected to different allowed EPR
transitions (Vgprp2,, OF VEpri2,p)- Therefore, combination frequencies centered around
a 'H sq line must be connected to allowed EPR transitions within different nuclear
>>Mn spin manifolds. As the >>Mn nucleus is, however, strongly coupled, only one
allowed EPR transition within a specific nuclear >>Mn spin manifold can be excited
at a time (e.g., my; = p for the theoretical model presented in this section). As a
consequence, only ‘one half” of the combination frequencies that are centered
around a 'H sq line are excited. The ‘second half’ will get excited once the allowed
EPR transition in the other nuclear spin manifold of the strongly coupled nuclei gets
excited (e.g., my,; = o For Mn>" this corresponds to moving the magnetic field
from the third to the fourth hyperfine peak).

Due to strong level mixing of nuclear spin states, the ''O-labeled hexaaqua
complex is characterized by very intense ''O->Mn and 'H-'O combination
frequencies. For '"O-">Mn, only the splitting with the additive hyperfine coupling
centered around —113.3 MHz is clearly resolved (Av; 170ssmn = 21.7 MHz,
V1. 17055mMn = —113.4 MHz). The splitting with the subtractive hyperfine coupling
is not clearly visible, but rather leads to a broadening of the >Mn sq peak at
—156.4 MHz. 'H-'""O combination peaks are centered around the proton signal at
—51.3 MHz (Aviu170 = 20.6 MHz, 71170 = —50.9 MHz). As one of the 'H-'"0O
combination signals overlaps with a 'H->Mn signal, this may lead to some
uncertainties in the exact frequency determination. 'O Av values are, however, in
very good agreement with the theoretical value of 2v,;0 + Ay70 = 21.3 MHz.

The EDNMR spectrum of Mn-DOTA exhibits combination signals from
"H->>Mn, 'N->Mn and 'H-"N. Due to the small "N Larmor frequency
(vian = 3.7 MHz, I = 1), the “N->*Mn and 'H-'N combination signals are not
clearly resolved and lead to an apparent line broadening of the >>Mn sq signals (and
to some extent to broadening of the 'H signals). The signals of the splitting with the
additive hyperfine coupling can be roughly estimated to Av;, j4nssmn = 8.6 MHz,
V1. 1an55mn = —106.7 MHz. The experimental splitting is in good agreement with
the expected value of 2viyn + Asny = 9.1 MHz. Upon closer investigation, two
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satellites signals, centered around the proton signal at —50.8 MHz become visible.
We attribute these satellites signals to combinations frequencies of the type
Amg = £1, Amy; = £1, Amy, = £2 as they agree well with the expected value of
4V14N + 2A14N = 18.2 MHz (AVIH14N =19.0 MHZ, ‘71H14N = —-50.9 MHZ)

In the EDNMR spectrum of Mn-'*C-DOTA, '*C->>Mn and 'H-">C combination
frequencies are clearly visible. As the Larmor frequency of '°C is relatively large,
the additive (Av;, 13cs5mn) and subtractive splitting (Av,, 13cssmn) are both clearly
resolved. The additive splitting is centered around the >>Mn sq transition at
—106.9 MHz (Avy. 13c55Mmn = 25.8 MHz, Vi, 17055mn = —106.9 MHz), whereas
the subtractive splitting is centered around the >Mn sq transition at —148.3 MHz
(Avs. 1305smn = 25.2 MHz, 75, 17055mn = —148.2 MHz). 'H-">C combination fre-
quencies are centered around the proton signals at —50.8 MHz (Av 3¢ = 26.0
MHz, ‘71H13C = —50.7 MHZ)

Signals marked with an asterisk were assigned to transitions of the type
Amg = +1, Amy; = £1 and Amy, = £2. All these signals match the expected
value of 4v; 4+ 2A; rather well.

4.4 EDNMR versus Mims ENDOR at Q-band

'"H and "N hyperfine interactions of Gd-DOTA and Mn-DOTA were recently
investigated with pulsed ENDOR studies at W-band frequencies to draw conclu-
sions about the electron spin delocalization over ligand nuclei [28, 46]. In the
following section, we evaluate the '*C-hyperfine interaction of Mn-'C-DOTA
using Mims ENDOR with variable tau (t) values and an EDNMR experiment.

Figure 5 shows a series of Mims ENDOR spectra with different t values
compared to a Q-band 3C.EDNMR spectrum. Although EDNMR is more sensitive
than ENDOR, information about the spectral line shape is lost in EDNMR, as the
canonical orientations (the turning points of the Pake pattern) exhibit a zero
transition probability for the forbidden transitions. The disadvantage of Mims
ENDOR are blind spots that are defined by an oscillatory function of the type
sin®(nAt), where A is the hyperfine coupling and t is the first delay time used in the
Mims ENDOR pulse sequence. The Mims ENDOR spectrum collected with
7 = 500 ns is characterized by a rather broad central blind spot. Other blind spots
do not distort the intense signals of the nuclear frequencies in the two central
electron spin manifolds. As a consequence, the flanks of the signals at 0.3 MHz
are reminiscent as edges of a smeared out ENDOR Pake pattern. The signal at
—1 MHz is attributed to nuclear transitions associated with the outer mg = —3/2
electron spin manifold. Upon increasing t, more intensity starts to build up around
Voue — V13c = 0 MHz. Information about the spectral line shape is, however, lost,
as now the periodic blind spots are closer together with increasing z.

To support our experimental results, we performed DFT calculations on a Mn—
DOTA complex (see Sect. 3.3 for more details). The calculations yielded small
hyperfine couplings, dominated by a dipolar hyperfine coupling of
T = 0.50-0.65 MHz and an isotropic contribution close to zero (see Fig. 5 right
and legend for more information). The deviations from an axial hyperfine tensor
were rather small (p =~ 0.05, p denotes the rhombic component of the hyperfine
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Mims, 7 = 1500 ns

Mims, 7 = 1000 ns

DFT

DFTxsin’(mAt)

Mims, 7= 500 ns
/ \ Mims summed up
3 2 41 0 1 2 3 -3 2 4 0 1 2 3
Voo = Vise | MHZ Voo = Viae | MHZ

Fig. 5 Left Comparison of the '*C region of a Q-band EDNMR spectrum of Mn-'>C-DOTA with '*C-
Mims ENDOR recorded on the same compound using different v values. Mims ENDOR blind spot
functions of the type sin?(mAT) = sin>(M(2(Vpue — Vi30))7) are represented as pale lines. Top right Crystal
structure of Mn—-DOTA [36]. The '*C-labeled carbon atoms as used in this study are marked. Bottom right
Simulated ENDOR spectrum (S = 1/2) using the EasySpin toolbox [47] with parameters obtained from
DFT calculations on the crystal structure (fop trace) compared with a summed Mims ENDOR versus tau
(1) experiment (bottom trace). The spectrum in the middle represents the simulated spectrum multiplied
with the sum of the Mims blind spot functions used in the Mims ENDOR vs tau experiment. The ‘dent’ in
the experimentally recorded Mims ENDOR spectrum at +0.25 MHz comes from incomplete averaging of
the blind spots. The sum of the Mims ENDOR blind spot functions are plotted as a pale line. Hyperfine
values obtained from DFT calculations ([aj, T]) for the labeled '*C positions are: C19,C46
[—0.13, 0.65], C22, C49 [0.24,0.79], C23, C50 [-0.05,0.58], C26, C53 [0.09, 0.50] (color
figure online)

tensor). Based on the hyperfine values obtained from DFT calculations an ENDOR
spectrum was simulated using the EasySpin toolbox [47] (top spectra on the right
side of Fig. 5). The simulated ENDOR spectrum was compared to the sum of the
experimentally recorded ENDOR spectra (bottom trace of Fig. 5). The sum of the
experimental ENDOR spectra contains artifacts from an incomplete blind spot
averaging, as can be seen when examining the sum of the Mims ENDOR blind spot
functions (pale lines in Fig. 5). In addition, the sum of the experimental ENDOR
spectra also contains a central blind spot. To compare the experimental data to the
simulated data the calculated DFT spectrum was multiplied with the sum of the
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Mims ENDOR blind spot functions corresponding to the experimental data sets
measured. The resulting spectrum is shown as the middle spectrum in Fig. 5 on the
right side. The line shape is now much more akin to the sum of the experimentally
recorded spectra shown at the bottom right of Fig. 5.

It should be noted that multiplication of the sum of the Mims blind spot functions
(suppression function) with the calculated DFT spectrum is a simplified assumption:
The suppression function is always zero at center frequency and so will be the new
function after multiplication. This is, however, clearly not correct when looking at
the sum of the experimentally recorded Mims ENDOR with different t values,
shown as the bottom right trace in Fig. 5.

5 Discussion

Q-band EDNMR has proven to be a useful technique for detecting nuclear
frequencies within Manganese(II) systems and will also be applicable to many other
spin active systems. Some points are, however, important to know when recording
Q-band EDNMR spectra for low-y nuclei. Firstly; the use of Gaussian ELDOR
pulses is very beneficial, as it leads to a narrowing of the central blind spot while
maintaining a similar intensity of the forbidden transitions (6th and 7th spectra in
Fig. 1). Secondly, soft detection pulses should be used to further minimize the width
of the central blind spot. In this way, the problem of low-y nuclei being obscured by
the central blind spot can be alleviated to some extent.

A problem that is, however, harder to mitigate, is the decreased resolution
between nuclear Larmor frequencies of different nuclei at Q-band fields and
frequencies. Here, the only solution is a careful planning of sample preparation to
remove any nuclei that might overlap with the desired region of study (e.g.,
substitution of **Na buffer components with “°K when investigating '*C resonances
with Q-band EDNMR).

In addition a very complicated spectrum is expected when '*N and 'O are
present at the same time. Both nuclei have a small Larmor frequency (vi4n = 3.7
MHz and v;;0 = 6.9 MHz) but relatively large quadrupole interactions, which leads
to intense dq, tq and mq transitions, that are very difficult to disentangle and
interpret accurately due to severe overlap of different signals. For "“N and 7O,
combination frequencies are visible, even when using relatively low powered
ELDOR pulses. In addition, care has to be taken when analysing the line width of sq
transitions, as the sq peaks may be broadened by combination frequencies (e.g.,
3 Mn).

Certain aspects, such as a low concentration or small binding affinity may
mandate the use of higher powered ELDOR pulses to increase the EDNMR signal
observed. At Q-band frequencies, this can lead to the appearance of relatively
intense combination frequencies, which can easily be misinterpreted as sq signals of
other nuclei. Using the first order expressions given in Eqgs. (19-24), we were able
to assign all additional signals when using higher powered ELDOR pulses for the
four systems studied in this work. In addition, combination frequencies can give an
estimation of the magnitude of the hyperfine coupling if analyzed correctly. It is
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noted, that the first order equations in Sect. 4.3 do not reflect a correct physical
description as they lack the pseudosecular part of the hyperfine coupling and high-
spin interactions from the Mn** electron and *>Mn nuclear spin. However, they still
proved useful in identifying the different combination frequencies present. The
underlying physical mechanism for the appearance of the fairly intense combination
frequencies remains unknown. It is noted, that for most systems with g-values in the
region of g = 2, Q-band EDNMR is most likely the useful lower limit in terms of
microwave frequencies when investigating low-y nuclei (vi4n = 1.1 MHz at
X-band). For these systems at X-band, the blind spot separation and the resolution
of nuclear Larmor frequencies will get significantly worse. Furthermore, even more
intense dq, tq and even mq are expected for some nuclei; for example, for '*N and
70 the cancelation condition is perfectly fulfilled for certain orientations.

The acquisition time for each EDNMR spectra shown in this work was around
20 min. To achieve a similar signal-to-noise for sub-mM samples (e.g., 0.2 mM),
the acquisition time would be around 2000 min (&30 h). The acquisition time can
be reduced using less selective detection pulses and by constraining the frequency
range to one side of the EDNMR spectrum of the nuclei of interest. Therefore,
EDNMR spectra for a 0.2 mM sample with a good signal-to-noise ratio and a
sufficient resolution are obtainable in ~3 h.

Complete characterization of the '*C hyperfine coupling of Mn-'>C-DOTA with
Mims ENDOR was difficult, as the hyperfine couplings are rather small and most of
the intensity occurs around vq. In addition, Mims ENDOR spectra could not be freed
completely of the central blind spot, even with the collection and summation of data
using different t values. The experimentally recorded summed Mims versus tau
spectrum is, however, in good agreement with the blind spot corrected EasySpin
simulation using EPR parameters obtained from DFT calculations on the crystal
structure of the complex: The maxima at 0.2 MHz coincide. So does the width of
simulated and experimental spectrum and the shape at the flanks of the two intense
signals at £0.5 MHz. As expected, the electron spin delocalization over '*C ligand
nuclei is, therefore, negligibly small. The two small features in the simulated spectra
at +0.75 MHz could not be identified in the experimental spectrum, but may not be
observed due to incomplete cancelation of the experimental blind spots. The width
of the EDNMR spectrum and the Mims ENDOR spectrum with 7 = 500 ns is also
very similar, indicating that (1) EDNMR can be used to constrain the magnitude of
the hyperfine coupling constant if (2) the EDNMR linewidth is not broadened by to
short detection pulses, too highly powered ELDOR pulses, or magnetization transfer
artifacts due to too long ELDOR pulses (see Fig. 1).

6 Conclusion

Q-band EDNMR has been shown to be a valuable method to detect nuclear
frequencies of low-y with nuclear frequencies of 2.6 MHz upwards. Although the
principal values of the hyperfine tensor could not be determined due to vanishingly
small transition probabilities at the canonical orientations, estimations of the
magnitude of the hyperfine coupling could be determined from dq (**N) or resolved
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sq ('’0) splittings. For our Mn*" systems, highly selective detection pulses
(400-800 or 200400 ns) and an ELDOR pulse with an amplitude of
opp ~ 1.0 x 10" rad s gave the best results in terms of balancing signal
intensity with a narrow central blind spot. An advantage of Q-band EDNMR over
higher frequencies is its high sensitivity, as the transition probability of the
forbidden transitions upon which the technique relies is intrinsically higher than at
higher microwave frequencies. This can be a particular advantage when performing
2D-experiments such as THYCOS [12] or 2D-EDNMR [14], e.g., between C and
P.
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The tetracycline-binding RNA aptamer (TC-aptamer) binds its cognate ligand the antibiotic tetracycline
(TC) via a Mg?* or Mn?* ion with high affinity at high divalent metal ion concentrations (Kp = 800 pM,
>10 mM). These concentrations lie above the physiological divalent metal ion concentration of ca.
1 mM and it is known from literature, that the binding affinity decreases upon decreasing the divalent
metal ion concentration. This work uses a Mn?* concentration of 1 mM and 1D-hyperfine experiments
reveal two pronounced *'P couplings from the RNA besides the >C signal of *C-labeled TC. From these
1D-hyperfine data alone, however, no conclusions can be drawn on the binding of TC. Either TC may bind
via Mn?* to the aptamer or TC may form a free Mn-TC complex and some Mn?" also binds to the aptamer.
In this work, we show using 2D-correlated hyperfine spectroscopy at Q-band frequencies (34 GHz), that
the 13C and 3'P signals can be correlated; thus arising from a single species. We use THYCOS (triple hyper-
fine correlation spectroscopy) and 2D ELDOR-detected NMR (2D electron electron double resonance
detected NMR) for this purpose showing that they are suitable techniques to correlate two different
nuclear spin species (**C and 3'P) on two different molecules (RNA and TC) to the same electron spin
(Mn?*). Out of the two observed 3'P-hyperfine couplings, only one shows a clear correlation to '3C.
Although THYCOS and 2D EDNMR yield identical results, 2D EDNMR is far more sensitive. THYCOS spec-
tra needed a time factor of x20 in comparison to 2D EDNMR to achieve a comparable signal-to-noise.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

RNA aptamers describe a class of typically short RNA molecules,
that bind a specific small molecule with high affinity and that have
potential applications in diagnostic and therapeutic medicine [1].
The tetracycline-binding RNA aptamer (TC-aptamer) was identi-
fied by SELEX (systematic evolution of ligands by exponential
enrichment) by Berens et al. [2]. It is known from the crystal struc-
ture [3], that the aptamer binds its cognate ligand tetracycline (TC)
via a Mg?* jon. The crystal structure reveals several additional Mg?*
ions that are bound by the TC-aptamer. The TC-aptamer is charac-
terized by a very high affinity toward its ligand (Kp = 800 pM at
10 mM Mg?*) [4]. In addition, the TC-aptamer is one of only a
few aptamers that are known to function in vivo, where it can con-
trol translation and splicing [5-7]. These aspects, paired with the
non toxicity and good cell permeability of the ligand [8], make
the TC-aptamer a promising artificial riboswitch.

* Corresponding author.
E-mail address: prisner@epr.uni-frankfurt.de (T.F. Prisner).

https://doi.org/10.1016/j.jmr.2019.04.011
1090-7807/© 2019 Elsevier Inc. All rights reserved.

Recent spectroscopic (fluorescence spectroscopy, time-
correlated single photon counting spectroscopy and pulsed dipolar
electron paramagnetic resonance (EPR) spectroscopy) and thermo-
dynamic studies (isothermal titration calorimetry (ITC), melting
curve analysis and circular dichroism spectroscopy) focused on
investigating the folding kinetics, the global structure and the con-
formational flexibility in the presence and absence of TC and its
dependence on Mg?* [9-12]. In contrast to the aforementioned
studies, this work directly studies the binding of the divalent metal
ion in the ligand binding pocket using pulsed EPR hyperfine spec-
troscopy. This is achieved by replacing diamagnetic Mg?* with
paramagnetic Mn?*, which is common practice [13-15], as Mg?*
and Mn?* share similar coordination chemistry properties. ITC
measurements of the aptamer with Mn?* instead of Mg?* yielded
identical binding affinities (Fig. S1) at high divalent metal ion
concentrations.

Fig. 1A shows the ligand binding pocket of the TC-aptamer
based on the crystal structure [3]. As can be seen, TC coordinates
via its 011 and 012 oxygens (Fig. 1B) to the divalent metal ion.
The divalent metal ion is further stabilized by a pro-Rp oxygen of
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Fig. 1. (A) Ligand binding pocket of the TC-aptamer based on the crystal structure by Xiao et al. [3]. The ligand TC is shown in orange and the nucleobases, which form the
binding pocket, are shown in grey (A50, C56, G57 and A58). Mn?* ions and water molecules are depicted in magenta and blue, respectively. The water molecule marked with
an asterisk was not resolved in the crystal structure. (B) Chemical structure of the antibiotic TC. (C) Possible binding models of Mn?* to the aptamer and TC. Depending on the
Kp values, TC-binding might be different at an equimolar RNA/Mn?*/TC concentration ratio: TC might interact with the RNA via a Mn?* chelate complex (upper left) or TC
might form a separate Mn-TC complex, while remaining Mn?" ions still interact with the RNA (lower right). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

the phosphate backbone of nucleobase G57. The crystal structure
distance of the 011- and O12-adjacent carbon atoms to the diva-
lent metal ion is 0.31 nm in both cases, whereas the crystal struc-
ture distance of the phosphorous atom to the divalent metal ion is
3.3 nm. Under the assumption that the point-dipole approximation
applies, the axial (or dipolar) component T of the hyperfine tensor
A is inversely proportional to r3:

1 0 0

A=a,1+T| 0 -1 0, (1a)
0 0 2

7o Mo EePe8nb (1b)

“4mh 3

ais, and T in Eq. (1a) describe the isotropic and axial component
of the hyperfine tensor A. Eq. (1b) then yields dipolar hyperfine
couplings of Ty3c = 0.65 MHz and T3;p = 1.08 MHz. Both carbon
and phosphorous distances found in the crystal structure are very
similar to previously published >*C-Mn?* and 3'P-Mn?* hyperfine
studies [16-19] and should therefore be readily observable with
pulsed hyperfine EPR spectroscopy.

A frequently encountered problem in biochemistry is whether
two different molecules A and B interact at the same time with
molecule C or not. Examples include nucleic acid aptamers that
bind via metal ions to its cognate ligand [3], metal ions that medi-
ate the formation of protein-RNA complexes [20] or membrane
proteins that interact via metal ions with an adenosine triphos-
phate [21]. In case of the TC-aptamer, the binding of TC via a diva-
lent metal ion to the RNA is known to decrease at low Mg?*
concentrations [11]. In addition, the free Mn-TC complex [22,23]
can potentially interfere with formation of a ternary RNA-Mn-TC
complex (Fig. 1C). In this work, it is shown that pulsed 2D-
hyperfine spectroscopy is a suitable technique to confirm forma-
tion of a ternary RNA-Mn-TC complex at equimolar RNA/Mn?*/TC
concentration ratios. Although similar findings can also be
obtained by ITC experiments and fluorescence spectroscopy [11],
2D-hyperfine spectroscopy offers the advantage of looking
at the ternary complex on an atomistic level. Consequently,

2D-hyperfine data provide a more detailed description of the
investigated ternary complex, e.g., which nuclei and which hyper-
fine coupling are incorporated in the center of the ternary complex.

2. Population-transfer 2D-correlated hyperfine spectroscopy

Pulsed hyperfine EPR spectroscopy describes a wide array of
techniques that probe the hyperfine interaction of coupled electron
and nuclear spins. Hyperfine spectroscopy methods such as ENDOR
(electron nuclear double resonance) and ESEEM (electron spin echo
envelope modulation) are often used to study paramagnetic
transition metals in nucleic acids and proteins, with the goal of
elucidating the local geometry of the paramagnetic cofactor
[24-27,18,28,29]. Since the 2000s, the ELDOR-detected NMR tech-
nique (electron electron double resonance detected NMR, EDNMR)
[30] has gained interest as a method for measuring hyperfine or
even quadrupole interactions of nitroxides and paramagnetic tran-
sitions metals. Although primarily performed at W-band frequen-
cies (94 GHz) [31-35] to increase the spectral resolution of
different nuclear species and to decrease the spectral overlap of
the central blindspot and resonances of low-y nuclei, EDNMR
was recently shown to be applicable at Q-band frequencies
(34 GHz) as well [36,37].

One of the first pulsed 2D-hyperfine spectroscopy techniques
was the TRIPLE experiment [40], in which a Davies ENDOR
sequence was expanded by a second RF pulse. Another 2D-
hyperfine population transfer technique is the THYCOS (triple
hyperfine correlation spectroscopy) experiment [38,41,42], in
which the first RF pulse gets replaced by a typically long and
weakly powered ELDOR pulse (Fig. 2A). Finally, both RF pulses
can be replaced by two ELDOR pulses, resulting in a 2D EDNMR
experiment [39,43,42] (Fig. 2B).

THYCOS and 2D EDNMR spectra can be understood by picturing
an energy ladder diagram of a 3-spin system, consisting of an elec-
tron spin with S=1/2 and two nuclear spins with Iy = 1/2 and
I, = 1/2. If one assumes a positive nuclear g-value (e.g., '3C, 3P,
'H), a positive isotropic hyperfine coupling ai, and the
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Fig. 2. (A and B) Pulse sequence of a THYCOS [38] (left) and a 2D EDNMR [39] (right) experiment. Gaussian-shaped ELDOR pulses were used to minimize the spectral overlap
of detection and ELDOR pulses. (C and D) Energy ladder diagrams for a weakly coupled 8-level system, consisting of an electron spin with S = 1/2 and two different nuclear
spins with Iy = 1/2 and I, = 1/2 (gy, Gis, > 0). Bold black arrows depict the detected allowed EPR transition, whereas the dashed black arrows (D & ®) depict the first ELDOR
pulse, which is on-resonance with a forbidden transition of nuclei I;. @: For THYCOS, two allowed NMR transitions of nuclei I, (solid green and red arrows) are associated
with the detected EPR transition. ®: For 2D EDNMR, two forbidden transitions of nuclei I, (dashed green and red arrows) are associated with the detected EPR transition. @ &
@: Spin population before the echo detection sequence in THYCOS and 2D EDNMR respectively for excitation of the two nuclear transitions. (E and F) Depending on which
transitions are excited, positive signals (THYCOS, dashed red line), no signals at all (2D EDNMR and THYCOS, dashed green lines) or negative signals (2D EDNMR, dashed red
line) are expected. Pale dashed lines correspond to 2D EDNMR signals that stem from excitation of another allowed EPR transition (|8, &, ) < |o, &, 8), grey model spectra).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

weak-coupling regime (v, > a;,/2), an energy ordering of spin
levels as shown in Fig. 2C and D is expected. If v, is set to monitor
the intensity of the allowed EPR transition |, a, o) < |o, o, o) (bold
black arrows in Fig. 2C and D), only one forbidden transition
(Ams = &1, Am; = 1) for nuclei I, exists, that has a larger reso-
nance frequency than vy, (|8, ,a) < |o, 8, «), dashed black arrow
in Fig. 2C and D). If one assumes that the ELDOR pulse inverts
the population of the forbidden transitions of the 3-spin model sys-
tem, excitation of the aforementioned forbidden transition of
nucleus I; would lead to zero echo intensity in the detection
channel.

For THYCOS, next a RF pulse is applied, the frequency of which
is varied to sample the allowed NMR transitions that are associated
with nucleus I, (green and red arrows in Fig. 2C, @). The detected
echo intensity stays at zero if transition |o, o, o) < |o, o, f) gets
excited and becomes positive if transition |8, o, o) < |B, %, B) gets
excited (bold green and red arrows in Fig. 2C, ®).

For 2D EDNMR, a second variable frequency ELDOR pulse is
applied to probe the forbidden transitions of nucleus I, (dashed
green and red arrows in Fig. 2D, ®). If the ELDOR pulse induces
the transition |B, o, o) < |o, 0, B) the detected echo intensity
remains zero. However, the intensity becomes negative if transi-
tion |B, o, B) < |o, o, ) gets excited (bold green and red arrows in
Fig. 2D, @). It should be noted that in reality, long ELDOR pulses
act as saturation pulses on the forbidden transitions, which may
lead to slightly different signal intensities due to polarization
transfer processes during the ELDOR pulse.

The expected THYCOS and 2D EDNMR model spectra are shown
in Fig. 2E and F. Due to the inhomogeneous EPR linewidth, spin
packets of different allowed EPR transitions have a significant spec-
tral overlap. For this reason, the detection pulses will excite several

allowed EPR transitions of the 3-spin model system simultane-
ously. As a consequence, the THYCOS and 2D EDNMR slices
observed experimentally are a superposition of the slices of all
the excited allowed EPR transitions.

Until now it has been assumed that one forbidden transition
(out of two) of nucleus I; is excited selectively by the first ELDOR
pulse (O and ® in Fig. 2C and D). This is, for example, the case
for the 3'P couplings presented in this work. If, however, the cou-
pling is small and hence the splitting of the signals around the Lar-
mor frequency of nucleus I; is small, both forbidden transitions can
be excited at the same time. In such a case, more THYCOS and 2D
EDNMR signals will appear (positive in THYCOS and negative in 2D
EDNMR) at frequencies marked with green dashes in Fig. 2E and F.

Additionally, THYCOS and 2D EDNMR spectra will look slightly
different, if the RF pulse or the second ELDOR pulse excites transi-
tions associated with the nucleus that was excited by the first
ELDOR pulse (see Fig. S2 for an explanation).

W-band THYCOS was previously used to separate different 'H
resonances and to determine the sign of the hyperfine coupling
in a Cu(IN)-L-histidine complex [38] and to assign *N resonances
via TH-"N THYCOS to the type 1 Cu(ll) site in ascorbate oxidase
(out of one type 1 Cu(ll) site and one type 2 Cu(ll) site) [41]. W-
band 2D EDNMR and quantum chemical calculations were used
to elucidate the 33S-hyperfine tensor of type 1 Cu(ll)-azurin, which
proved difficult with a congested *N-23S 1D EDNMR spectrum
alone [43]. Recently, W-band '#/'>N-3'P THYCOS was used to
resolve the coordination geometry of Mn-ATP in frozen solution
[42]. In this work, it is shown that '3C and 3'P nuclei, incorporated
in two different molecules (TC and RNA), can be used to correlate
hyperfine signals to the same electron spin associated with a single
Mn?* ion.
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3. Material and methods
3.1. Sample preparation

In vitro transcription was identical to a procedure published
previously [11]. Before EPR measurements, the RNA was dialyzed
with a buffer (100 mM triethanolamine (TEA) pH 7.5, 1 M KCI) to
replace remaining Na* ions from the RNA purification process with
K" ions. Amicon filters with a cut-off of 10 kDa and a sample vol-
ume of 0.5 ml were used for dialysis. The aqueous RNA solution
was diluted with the buffer solution to a volume of 0.5 ml, then
the solution was spun at 10,000 rpm until the solution was concen-
trated to a volume of 50 pl. The RNA was dialyzed four times with
the buffer solution and four times with DEPC-treated MilliQ water.
At Q-band, the difference between the *C- and ?>Na-Larmor fre-
quency is only 0.7 MHz (vi3¢c = 12.7 MHz and vy3n, = 13.5 MHz).
The Larmor frequency of “°K (93.2% natural abundance) at Q-
band frequencies is V4 = 2.3 MHz. In contrast to 23Na, 4°K
should therefore not interfere with any '>C or 3'P resonances.
1D EDNMR spectra before and after dialysis of Na* with K* are
shown in the supporting information (Fig. S3). For each experi-
ment, aliquots of the dialyzed RNA were lyophilized and dis-
solved in a buffer containing 2mM Mn(ClO,4),, 100 mM TEA and
1M KCl at pH = 7.5. Depending on the sample, the buffer either
contained 2 mM TC, 2 mM '3C-labeled TC (Romer Labs Diagnostic)
or no TC at all. 50% glycerol (v/v) was added as a glassing agent.
The final RNA concentration was 1 mM. All chemicals were certi-
fied RNase free. 10 pl of the buffered RNA solutions were then
transferred into 1.6 mm (outer diameter) Suprasil tubes. Samples
were shock-frozen in liquid nitrogen prior to being inserted into
the resonator.

3.2. Pulsed EPR measurements

Pulsed EPR hyperfine experiments at Q-band frequencies
(33.77 GHz) were performed on a Bruker Elexsys E580 spectrome-
ter equipped with a dielectric EN 5170 DE ENDOR probehead. The
temperature was kept at 5 K using a continuous-flow helium cryo-
stat (CF935) and an ITC 502 temperature control unit, both from
Oxford Instruments. A 150 W traveling-wave tube amplifier by
Applied Systems Engineering was used for microwave amplifica-
tion. Pulses were created by a Bruker-manufactured arbitrary
waveform generator (SpinJet AWG). For ENDOR measurements,
RF frequencies were generated out of a DICE-II box and amplified
by an externally blanked RF amplifier by Dressler (2 kW, LPPA
10020 LF). A low-pass filter (RF limited DF-3000) with a cutoff fre-
quency of 30 MHz and a Bruker-supplied noise suppressor where
used to avoid 3rd and 5th order 'H harmonics and to enhance sig-
nal quality.

For 'P-Davies ENDOR, the sequence 2t, — tge — tmix — tp — T—
2t, — T — echo with t, = 100 ns and 7 = 1 pus was used. The length
of the RF pulse was optimized with nutation experiments which
resulted in tg = 25 ps for 3'P. The frequency of the RF pulse was
varied +9 MHz around the 31p_Larmor  frequency
(v31p = 20.7 MHz) with an increment of 50 kHz (361 points). The
integration width of the echo was set to 800ns, centered
around the echo maximum. For !3C-Mims ENDOR, the
sequence t, — T —tp — tgr — tmix — £, — T —echo with ¢, =10ns
and 7 =320 ns was used. The RF pulse was optimized near the
13C-Larmor frequency to a length of tg =27.5us. The echo
integration width was set to 36 ns, centered around the echo max-
imum. The sweep width of the RF pulse was 8 MHz, centered
around the '3C-Larmor frequency (vs;p = 12.7 MHz), with a fre-
quency increment of 25 kHz (321 points).

1D and 2D EDNMR spectra were acquired using a
(tep — t=)teip — Emix — tp — T — 2t, — T — echo sequence, with
T=1Us,tmx =9 Us and t, = 400 ns. For 1D EDNMR experimemts
an ELDOR pulse length of tgp =9 ps was used, for 2D EDNMR
experiments an ELDOR pulse length of tzp = 40 ps was used. For
2D EDNMR experiments, longer ELDOR pulses yielded more
intense correlation signals at the cost of a slight spectral broaden-
ing. The integration width of the echo was 1400 ns for all EDNMR
experiments, centered around the echo maximum. For 1D EDNMR
experiments, an ELDOR sweep width of 440 MHz, starting at
—220 MHz and with a frequency increment of 300 kHz, was used.
For 2D EDNMR experiments where the frequency of both ELDOR
pulses was varied (complete 2D EDNMR spectra), the ELDOR sweep
width was decreased to 80 MHz, starting at —40 MHz and with a
frequency increment of 300 kHz. For 2D EDNMR slices, where only
the frequency of first ELDOR pulse was varied and the frequency of
the second ELDOR pulse was kept constant, the x-axis resolution
was increased to 200 kHz with an ELDOR sweep width of 54 MHz
(centered symmetrically around the spectrometer frequency). A
higher resolution, while maintaining a sweep width of 54 MHz,
was not possible due to a limited AWG pulse sequence memory
space. All EDNMR experiments utilized a shot repetition time of
3 ms, 50 shots per point and Gaussian shaped ELDOR pulses to
decrease the spectral overlap with detection pulses [44,30]. All
EDNMR experiments (1D and 2D) used an ELDOR amplitude of

wgp = 1.5 x 107rad/s at zero frequency to allow for a comparison
of EDNMR intensities of different samples. Moreover, different
samples were tuned at the same spectrometer frequency in such
a way, that the tuning dip looked as similar as possible.

For THYCOS experiments, the Davies ENDOR sequence was
used, with the only difference being a replacement of the first
inversion pulse by a 9 ps long Gaussian ELDOR pulse operating at
a fixed frequency offset Av. The amplitude wgp was the same as
for EDNMR experiments. The RF sweep width and x-axis resolution
was identical to Davies ENDOR experiments. ENDOR and THYCOS
experiments employed a shot repetition time of 50 ms and 1 shot
per point. The random acquisition mode was used to avoid baseline
distortions due to heating effects [45].

The ENDOR/1D EDNMR  intensity was
IRe/ELD on —IRF/ELD off
IRE/ELD off
range with off-resonance ELDOR or RF pulses respectively. A rolling
baseline in Mims ENDOR spectra was removed by subtracting a
Mims ENDOR spectrum of an unlabeled TC sample from the Mims
ENDOR spectrum of the '*C-labeled TC sample and multiplying the
result with —1 (Fig. S8). The baseline of Davies ENDOR spectra was
corrected by fitting a polynomial to the off-resonance regions of
Davies ENDOR spectra. 2D EDNMR spectra were processed as
described earlier [39]. 2D EDNMR slices were background-
corrected by normalizing a specific slice (e.g.,
Av, = vi3c = 12.7 MHz) to the off-resonance intensity of a slice
with an off-resonance second ELDOR pulse (e.g., Av, = 40.0 MHz).
Subtraction of these two slices then yielded a background-

corrected 2D EDNMR slice [42].

tmix describes the time delay between mixing period and detec-
tion period. It is increased for variable-mixing-time (VMT) ENDOR
experiments (Fig. S11), and kept as short as possible for ENDOR,
EDNMR and THYCOS measurements. For ENDOR and THYCOS mea-
surements, tp; iS chosen so that the trailing edge of the RF pulse
does not interfere with the detection sequence. For EDNMR mea-
surements, tpm;, is chosen to allow for a decay of electron coherence,
which can be created by the ELDOR pulse.

All experiments were performed on the “third” >>Mn-hyperfine
transition from the left of the “central” electron transition
(Jms = ~1/2.m; = —1/2) < | +1/2,-1/2)).

calculated to

&(Vrr/ELD) = , where Igrppoy IS an averaged signal
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4. Results and discussion
4.1. 1D EDNMR

Fig. 3 shows the '>C and 3!P region of Q-band EDNMR spectra of
different TC-aptamer samples (Fig. S4 contains full-range EDNMR
spectra). In the absence of any TC (Fig. 3, blue spectrum), two pro-
nounced 3!P-hyperfine couplings with Asp(1) = 4.8 MHz and
As1p(2) = 9.3 MHz are visible. The small signal at the '*C-Larmor
frequency (vi3c = 12.7 MHz) is attributed to natural abundance
13C, which is reasonable, as a rather carbon-rich environment is
expected for RNA-coordinated Mn?* ions.

The signal at 9 MHz is assigned to the high-frequency compo-
nent of a hyperfine-split '“N double quantum transition
(Ams = £1,Am; = £2, 2viyy = 7.4 MHz), which is plausible, as
Mn?*-coupled N nuclei exhibit a rather large quadrupole cou-
pling [46] and therefore have an intrinsically high probability for
forbidden transitions. The EDNMR spectrum in the presence of
TC (Fig. 3, red spectrum) is essentially identical to the one in the
absence of TC. Upon addition of '3C-labeled TC (Fig. 3, green spec-
trum), the signal around the '*C-Larmor frequency is enhanced.
Besides the '3C signal, however, all EDNMR spectra are very
similar.

31P couplings are expected for Mn?*-containing RNA systems, as
the negatively charged phosphate groups of the RNA backbone
coordinate the positively charged Mn?* ion. The difference of
4.5 MHz between the two observed phosphorous couplings is
due to different values for the isotropic hyperfine coupling, ais,.
For a typical Mn?*-3'P first coordination sphere distance of
0.3 nm, a dipolar hyperfine coupling, T, of 1.18 MHz is expected,
which cannot explain the splitting of either 4.8 or 9.3 MHz. Inter-
estingly, values similar to As;p(1) and As;p(2) have already been
reported in literature for Mn?'-containing RNA systems
[25,16,17,28]. A DFT and hyperfine study on Mn?*-phosphate com-
plexes recently also revealed a considerable impact of the pH value
on the magnitude of the isotropic hyperfine coupling a;, [47].
Kaminker et al. attributed the larger phosphorous coupling of
~ 9 MHz to single-stranded RNA (ssRNA) [17]. In our case, we
observed an increase in intensity for the outer phosphorous cou-
pling and a decrease in intensity for the inner phosphorous cou-
pling after several freeze-thaw cycles (Fig. S5). The intensity of
the carbon signal, originating from '3C-TC, decreased as well. As
it is generally known that several freeze-thaw cycles lead to degra-

[ = RNAMR® L Ae(1):

= RNAMn*/TC ! .
[ = RNA/Mn*/"C-TC. A3,1P(2)3 .

V1.3C V31PI .
15 20 25 30
Av/ MHz

Fig. 3. Q-band 1D EDNMR spectra of different Mn?* complexes. Blue: TC-aptamer
with Mn?*, red: TC-aptamer with Mn?* and TC, green: TC-aptamer with Mn?* and
13C-labeled TC. Only the '*C and *'P regions are shown. Larmor frequencies of these
nuclei are indicated with dashed lines. Two distinct 'P-hyperfine couplings are
visible. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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dation of RNAs and therefore to a higher percentage of shorter
ssRNA fragments, these findings are in line with the results of
Kaminker et al. [17].

Full-range EDNMR spectra (Fig. S4) reveal different >Mn line-
widths for the samples presented in Fig. 3. Samples containing
unlabelled TC and '3C-labeled TC exhibit a broader *>Mn linewidth
than a sample containing RNA and Mn?*. A different lineshape is
expected as coordination of TC to Mn?* should lead to a slightly dif-
ferent coordination geometry, e.g., a different hyperfine coupling, a
different hyperfine strain and/or a different quadrupole
interaction.

Although a clear '*C EDNMR signal is observed (Fig. 3) and sub-
tle differences in the >>Mn EDNMR regions are visible (Fig. S4), it
cannot be deduced from these spectra if TC actually coordinates
to the RNA at equimolar RNA/Mn?*/TC concentration regimes. For
instance, it is known that TC coordinates free Mn?* ions with a dis-
sociation constant of approximately Kp~ 100 uM [22,23], that
could compete with the coordination of TC to the RNA.

4.2. 3'P-Davies ENDOR and *C-Mims ENDOR

Fig. 4A shows Q-band *'P-Davies ENDOR spectra of samples
whose EDNMR data were already shown in Fig. 3. All Davies
ENDOR spectra are essentially identical. Whereas the outer hyper-
fine coupling As;1p(2) displays the expected axial Pake doublet, an
interpretation of the isotropic-looking shape of the inner hyperfine
coupling As1p(1) is more difficult. It is known that a superposition
of hyperfine couplings of different magnitudes leads to a rather
isotropic-looking lineshape [47].

A simulation of experimental Davies ENDOR spectra, using the
MATLAB toolbox EasySpin [48], required at least four rhombic
components for As;p(1) and one axial component for As:p(2) to
achieve a good agreement between experimental and simulated
data (Fig. S6). The simulation yielded hyperfine coupling constants
of aj(1) = 2.8-4.8 MHz and T(1) = 0.8-0.9 MHz for the inner
hyperfine coupling, and coupling constants of a;,(2) = 9.5 MHz
and T(2) = 1.1 MHz for the outer hyperfine coupling (Table S1).
Assuming the point-dipole approximation, the dipolar hyperfine
couplings translate into 3'P-Mn?* distances of r = 0.33-0.34 nm
(inner coupling) and r=0.31 nm (outer coupling). Theses dis-
tances are in excellent agreement with the extracted >'P-Mn?* dis-
tances from the crystal structure [3]. However, the distances
cannot be assigned to specific Mn?* binding sites of the TC-
aptamer, as the differences of the different crystal structure dis-
tances are to small (Figs. S7 and Table S1).

Fig. 4B shows Q-band '>C-Mims ENDOR spectra of a sample
containing the TC-aptamer, Mn?* and '3C-labeled TC (green spec-
trum) and a sample containing just Mn?* and '3>C-labeled TC (violet
spectrum). The spectrum of the free Mn-TC complex is very similar
to the spectrum of the sample containing the TC-aptamer. Both
spectra feature two hyperfine couplings: a larger one, whose Pake
doublet shape is slightly smeared out by the Mims ENDOR blind-
spot function (depicted as a dashed grey line in Fig. 4B), and a
smaller hyperfine coupling with a splitting of approximately 0.2
MHz. Mims ENDOR spectra with different 7 values did not reveal
less blindspot-distorted Mims ENDOR spectra (Fig. S9). Simulations
of the Mims ENDOR spectra convoluted with a Mims ENDOR
blindspot-function are presented in Fig. S9. For the outer hyperfine
coupling, two different hyperfine tensors yielded equally good
results (possibility one: ai,; =1.3MHz,T; =0.6 MHz,r; =0.32 nm,
possibility two: aj,>=0.4MHz, T, =1.2 MHz,r, =0.37 nm). Mims
ENDOR experiments with the magnetic field on-resonance with
outer electron transitions [49] (Fig. S10), VMT Mims ENDOR exper-
iments [50] (Fig. S11) and DFT-calculations (Figs. S12 and Table S2)
favour possibility one (a;, > T) over possibility two.
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Fig. 4. (A) Q-band 3'P-Davies ENDOR spectra of different Mn?* complexes. Blue: TC-aptamer with Mn?*, red: TC-aptamer with Mn?* and TC, green: TC-aptamer with Mn?* and
13C-labeled TC. (B) Q-band '*C-Mims ENDOR spectra of different Mn?* complexes. Purple: Mn?* with '>C-labeled TC, green: TC-aptamer with Mn?* and '>C-labeled TC. A ©
value of 330ns was used. The Mims ENDOR blindspot function is shown as a dotted grey line. Larmor frequencies of '>C and 3'P are indicated with dashed lines. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Both spectra in Fig. 4B are proof for binding of TC to Mn?*, how-
ever, the binding of TC to the RNA via Mn?* cannot be deduced
directly from the Mims ENDOR spectra.

4.3. 2D EDNMR

In order to address the question of the binding of Mn?* to the
aptamer and TC we performed Q-band 2D EDNMR measurements
on samples with '*C-labeled TC and unlabeled TC. Whereas the
labeled sample should feature '>C-3'P cross peaks in the case of
simultaneous binding of TC to the RNA via Mn?*, no such signals
should be present in the unlabeled sample. Fig. 5A shows the
minus-plus and plus-plus quadrant of a sample containing RNA,
Mn?* and unlabeled TC. The minus-minus and plus-minus quad-
rant are not shown, as they contain redundant information. Strips
to the left and above the 2D EDNMR spectrum show 1D EDNMR
spectra with no correlation signals. The plus-plus quadrant is char-
acterized by 3'P self-correlations signals on the diagonal. The infor-
mation content is similar to a 1D EDNMR spectrum, but with a
slightly higher spectral resolution.

The signals close to the central blindspot at (5.0,5.0) MHz are
assigned to '“N self-correlation signals. We exclude the possibility
of these signals being an artifact stemming from an incomplete
central blindspot removal by the background correction procedure.
In such a case, the signals at (—5.0,5.0) MHz in the minus-plus
quadrant should be equally intense.

The minus-plus quadrant of Fig. 5A is characterized by negative
cross peaks of the two nuclear spin manifolds of the inner phos-
phorous coupling at (—-22.9,18.1) and (—18.1,22.9) MHz. Negative
cross peaks with the phosphorous matrix signal at 20.8 MHz are
also visible. No cross peaks of the outer phosphorous couplings
could be detected. In contrast to previous work by Kaminker
et al. and Ramirez-Cohen et al. [39,43], negative cross peaks are
solely confined to the minus-plus quadrant. This behavior was also
observed for less complex Mn?" compounds, such as Mn?* with
inorganic phosphate (Mn-P;) and Mn-'3C-DOTA (Figs. S16 and S17).

More signals appear at (-5.0,18.1) and (—5.0,22.9) MHz in the
minus-plus quadrant and at (5.0,18.1) and (5.0,22.9) MHz in the
plus-plus quadrant. Originally these signals were assigned to
14N-31p cross peaks. However, these signals do not show up in
the other frequency domain, e.g., (18.1,—5.0) MHz. In addition,
one would expect negative cross peaks for heteronuclear 2D
EDNMR spectra (Fig. 2F). These cross peaks also have a rather unu-
sual shape, as they point in a “cross-like” manner toward the phos-
phorous Larmor frequency.

Litvinov et al. attributed similar signals in a recent 2D EDNMR
and THYCOS study to off-resonance effects of the ELDOR pulse
[42]. In line with these findings we observed similar cross peaks
for a sample containing Mn-P;, which should not contain any '“N
resonances. For Mn-'2C-DOTA and [Mn(H,0)s]?*, which contain
no 31P resonances, no signals due to off-resonance effects are visi-
ble for the frequency range shown in Fig. 5 (Figs. S17 and S18).

The plus-plus quadrant of a sample with '3C-labeled TC (Fig. 5B)
is almost identical to the 2D EDNMR spectrum with unlabeled TC,
with the only difference being the large '3C self-correlation signal
for the labeled sample. The minus-plus quadrant of a '>C-labeled
sample is characterized by a positive signal at (-12.7,12.7) MHz.
As the 3C-hyperfine coupling is rather small, and the intensities
of the different '>C nuclear spin manifolds do severely overlap
(Fig. 4B), one only sees a single signal at the '3>C-Larmor frequency
(instead of two signals as seen for 3'P). The most striking differ-
ences between Fig. 5A and B are, however, >C-3'P cross peaks at
(—18.1,12.7) and (—12.7,18.1) MHz. Cross peaks of '>C and 3'P
matrix signals are visible at (—20.8,12.7) and (—12.7,20.8) MHz.
These cross peaks are a clear sign that TC binds to the TC-
aptamer, even at 1 mM Mn?*.

It should be noted, that not all signals (and their intensities) in
the 2D EDNMR spectra are completely understood. It is for exam-
ple unclear why '3C correlation signals of '3C-TC in the minus-
plus quadrant are positive (Fig. 5B), whereas the '3C correlation
signals of Mn-!3C-DOTA in the minus-plus quadrant are negative
(Fig. S17). Different cross-relaxation rates and magnitudes of the
hyperfine coupling could be an explanation.

Surprisingly, the contour plot in Fig. 5B does not show any cross
peaks for the 3'P coupling at 22.9 MHz at (—22.9,12.7) and
(—12.7,22.9) MHz. In order to get a better insight into >C-3'P cross
peaks, we therefore recorded 2D EDNMR slices with an increased
resolution and signal-to-noise ratio. Selected 2D EDNMR slices
with Av, on-resonance with either the phosphorous nuclear spin
manifold at 18.1 MHz or at 22.9 MHz are shown in Fig. 6A and B,
respectively. Again, slices for a sample with '3C-labeled TC (green
spectra) and unlabeled TC (red spectra) are shown.

The signals at —5.0 and 5.0 MHz in Fig. 6A and B are the “cross-
like” signals in Fig. 5A and B due to off-resonance effects of the first
ELDOR pulse, while the second ELDOR pulse is exciting a phospho-
rous transition. It should be noted, that the relative intensities of
these signals are reproducible (the signal at —5.0 MHz has a higher
intensity than the one at 5.0 MHz if the phosphorous transition at
18.1 MHz is excited and vice versa). The reason for this is currently
unclear.
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Fig. 5. Background-corrected Q-band 2D EDNMR spectra. (A) TC-aptamer with Mn?* and TC, (B) TC-aptamer with Mn?* and '3C-labeled TC. Only the minus-plus and plus-plus
quadrant are shown, as the plus-minus and minus-minus quadrant look identical. Strips to the left and above the 2D EDNMR spectrum show 1D EDNMR spectra that are free
of any correlation signals. Black arrows label expected frequency offsets for >C->!P correlation signals. Dotted grey lines correspond to chosen 2D EDNMR slices that were
recorded with a higher resolution and a better signal-to-noise ratio (Fig. 6). Primary 2D EDNMR spectra and all four quadrants of background-corrected 2D EDNMR spectra are
presented in the Supporting Information (Figs. S13-515).
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green: TC-aptamer with Mn?* and '>C-labeled TC. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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For 3'P, the expected signal pattern for a homonuclear 2D
EDNMR is observed (Fig. S2), that is, a positive 2D EDNMR signal
for the 3'P nuclear spin manifold that gets excited by Av, at posi-
tive Av; values (e.g., Av; = Av, = 18.1 MHz), and a negative 2D
EDNMR signal for the nuclear transition in the other electron spin
manifold at negative Av, values (e.g., Av; = —22.9 MHz).

The 3C-3'P cross peak for a labeled sample at —12.7 MHz in
Fig. 6A (Av, = 18.1 MHz) was already clearly visible in the 2D
EDNMR spectrum in Fig. 5B at (—12.7,18.1) MHz. Fig. 6B shows a
clear 3 C-3'P cross peak for a labeled sample at —12.7 MHz as well
(Av, = 22.9 MHz). This cross peak at (—12.7,22.9) MHz was not
visible in the complete 2D EDNMR spectrum in Fig. 5B, which is
probably due to a combination of an insufficient signal-to-noise
ratio and a too small number of contour levels.

Based on 2D EDNMR data alone, it is difficult to make state-
ments about cross peaks involving the outer 3'P-hyperfine cou-
pling. The 3'P-3'P cross peak at negative frequency offsets in
Fig. 6B covers an area ranging from approximately —21 to
—15.5 MHz. The self-correlation signal of the inner 3'P coupling
at —18.1 MHz therefore obscures a potential correlation signal of
the inner 3'P coupling and the outer 3'P coupling which should
appear at —15.9 MHz.

4.4. THYCOS

To substantiate our 2D EDNMR results, we also performed THY-
COS experiments. Although THYCOS is inferior to 2D EDNMR in
terms of sensitivity, it offers the advantage that no background cor-
rection is needed. If the initial ELDOR pulse is off-resonance to any
transition (forbidden or allowed), the RF pulse will have no effect,
as the different nuclear spin levels within one electron spin mani-
fold are almost equally populated.

Homonuclear 3!'P-3'P THYCOS yielded the expected peak inten-
sities, that is, a negative THYCOS signal for the 3'P nuclear spin
manifold that gets excited by the ELDOR pulse, and a positive THY-
COS signal for the 3'P nuclear spin manifold that is not getting
excited by the ELDOR pulse (Fig. S19). A THYCOS effect is observed
for the inner as well as for the outer !P-hyperfine coupling. How-
ever, no correlation is observed between these two hyperfine
couplings.

For heteronuclear '>C->'P THYCOS, we irradiated the '3C-
EDNMR signal with the ELDOR pulse and sampled the 3'P region
with the RF pulse. The reason for that is that the >*C-EDNMR signal
is larger than the >'P-EDNMR signal, which should therefore give a
more intense THYCOS signal. Fig. 7 shows THYCOS spectra of sam-
ples with unlabeled TC (red spectra) and '*C-labeled TC (green
spectra). As expected, no signal is visible for the unlabeled sample,
if the ELDOR pulse is on-resonance with the '*C-Larmor frequency
(12.7 MHz) or if the ELDOR pulse is off-resonance with any allowed
or forbidden transition (35 MHz).

For the '3C-labeled sample, however, clear correlation signals
are visible for the inner >'P-hyperfine coupling if the ELDOR pulse
is on-resonance with the '*C-Larmor frequency (12.7 MHz). There-
fore, the THYCOS spectra confirm the interpretation of the previous
2D EDNMR results. Due to the lower sensitivity of THYCOS, no
13C-31p cross peaks involving the outer 3!'P-hyperfine coupling
could be detected. The relative intensities of the THYCOS signals
at 18.1 and 22.9 MHz even match the relative intensities of the
2D EDNMR signals. For both, 2D EDNMR and THYCOS, a smaller
13¢31p correlation signal intensity is observed if the 3!P transition
at 22.9 MHz is excited (in comparison to the correlation signal
involving the 3'P transition at 18.1 MHz).

Fig. 2E shows that only a single peak is expected for a heteronu-
clear THYCOS. As the '3C-hyperfine coupling is, however, rather
small, and the intensities of the different nuclear spin manifolds
are known to overlap near the '*C-Larmor frequency, the actual
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Fig. 7. Q-band THYCOS spectra of different Mn?* complexes. Red: TC-aptamer with
Mn?* and TC, green: TC-aptamer with Mn?* and '3C-labeled TC. The RF pulse was
used to sample the >'P region, whereas the frequency offset Av; of the ELDOR pulse
was kept fixed at either 12.7 MHz, 13.7 MHz ('3C region) or 35.0 MHz (off-
resonance). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

THYCOS spectrum is therefore a superposition of two simultane-
ously excited THYCOS signals. As expected, the symmetry is lifted
if the frequency offset of the ELDOR pulse is moved further away
from the *C-Larmor frequency (e.g., from 12.7 to 13.7 MHz, Fig. 7).

The asymmetric THYCOS spectrum recorded with
Av; =13.7 MHz allows the determination of the sign of the
13C-hyperfine coupling. As it is known that the isotropic hyperfine
coupling of phosphorous is positive [42], the signal at 18.1 MHz
must stem from the nuclear transition in the |ms = «) manifold.
Positive heteronuclear THYCOS signals involve two nuclear transi-
tions in different electron spin manifolds (Fig. 2C). The nuclear
transition excited at Av; = 13.7 MHz must therefore stem from
the |ms = #) manifold. If the nuclear transition in the |8) manifold
appears at higher frequencies, the isotropic '>C-hyperfine coupling
must be positive (assuming a;, > T), which is also in agreement
with outer-electron transitions ENDOR studies and VMT Mims
ENDOR experiments (Figs. S10 and S11).

If the ELDOR pulse is irradiated at Av, values lower than
11.7 MHz, negative signals in the phosphorous region begin to
appear (bold spectra in Fig. S20), which are reminiscent of signals
due to off-resonance effects of the ELDOR pulse that where already
reported by Litvinov et al. [42]. These signals start to build up
around Av; < 10 MHz, which perfectly agrees with the ‘“cross-
like” signals observed in the 2D EDNMR spectra (Fig. 5A and B).
If '5N-labeled RNA is used instead of nitrogen-unlabeled RNA, the
negative THYCOS signals for a '>N-labeled RNA are identical to
the negative THYCOS signals for a nitrogen-unlabeled RNA (pale
spectra in Fig. S20). This supports the idea that these signals are
due to off-resonance effects and not due to '“N-3'P correlation
signals.

5. Conclusion

To the authors knowledge, this is the first time that 2D ELDOR-
detected NMR and THYCOS are used to correlate '3C and 'P nuclei,
located on two different molecules, to the same electron spin
(Mn2").
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2D-correlated hyperfine spectroscopy was able to show that TC
binds to a TC-aptamer via a Mn?* ion at physiological divalent
metal ion concentrations of 1 mM. These results are in agreement
with a study by Reuss et al. [11]. Although ITC experiments and flu-
orescence spectroscopy provide similar information by measuring
thermodynamic parameters on a macroscopic scale, 2D EDNMR
and THYCOS reveal complementary data on an atomistic level by
directly investigating the nuclei and the electron spin incorporated
in the center of the ternary complex.

Out of the two 3'P-hyperfine couplings, only the inner hyperfine
coupling As;p(1) shows a clear correlation to 1BC-TC. Making
statements about '3C-3'P correlation signals involving the outer
31p_hyperfine coupling based on 2D EDNMR and THYCOS data
alone is difficult, as an insufficient resolution (2D EDNMR) or
signal-to-noise ratio (THYCOS) would hamper the observation of
such signals. The fact that 3'P-3'P THYCOS, however, shows clear
self-correlation of the outer and the inner 3!P-hyperfine coupling
but no correlation signals between the outer and inner
31p-hyperfine coupling, underlines the hypothesis that both
31p_hyperfine couplings must interact with different Mn?* ions.
In such a case, no '3C-3'P correlation signals are expected that
involve the outer 3'P-hyperfine coupling. This conclusion is in per-
fect agreement with the EDNMR-monitored freeze-thaw studies.

By using THYCOS, we were also able to determine the sign of
the '3C-hyperfine coupling of TC interacting with Mn2?*. Within
the scope of this work, it is impossible to say how much of TC actu-
ally binds to the RNA. Monitoring the intensity of >C-3'P correla-
tion signals in TC titration experiments should, however, give
more insight into this question.

Although THYCOS and 2D EDNMR vyield identical results, 2D
EDNMR comes with the advantage of being far more sensitive.
The total acquisition time of a complete 2D EDNMR spectrum
was around 12 h, whereas the single 1D THYCOS spectrum
recorded at Av; = 12.7 MHz required an acquisition time of more
than 24 h. The acquisition time for a complete 2D EDNMR spec-
trum for a less concentrated sample will be uneconomical long.
However, if the nuclear species of interest is known, specific 2D
EDNMR slices can be recorded, that contain the information of
interest. The acquisition time for two 2D EDNMR slices (back-
ground slice and slice with nuclei of interest) was around 1 h. A
shortcoming of 2D EDNMR is its reduced resolution in comparison
to THYCOS, i.e., just as with 1D EDNMR signals, 2D EDNMR signals
will not contain any information about the anisotropy of the
hyperfine interaction. A good strategy is therefore to first perform
a (complete) 2D EDNMR experiment and then record chosen THY-
COS slices if the signal-to-noise ratio permits.

The implementation of non-linear frequency incrementation
would help to increase the signal-to-noise ratio of 2D EDNMR data
even further, as EDNMR spectra for a large part consist of baseline
regions, that typically need less data points for a sufficient sam-
pling than EDNMR signals. Such a feature is currently not imple-
mented into Bruker spectrometers.

This study could demonstrate that THYCOS and in particular 2D
EDNMR spectra or slices will be useful techniques to determine the
binding of two biomolecules or small molecules/ligands to a para-
magnetic transition metal, if no prior high-resolution knowledge
about the system is available.
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1 ITC measurements of the TC-aptamer with Mn?"

ITC measurements were performed in an iTC200 microcalorimeter (Micro-
Cal, GE Healthcare, Chalfont St. Giles, UK) at 25°C. The sample cell
(0.2ml) contained 6 pM TC-aptamer and the syringe contained 64pM of
TC. A 20mM potassium phosphate buffer at pH = 7.5 with 100 mM sodium
chloride and 10 mM manganese chloride was used. After preequilibration
and an initial delay of 180s, a first injection of 0.2 ml was performed, fol-
lowed by 14 serial injections (2.5ml each) with spacing of 180s. Stirring
speed was 1000rpm. Data were recorded as differential power (DP, pW)
over time (min). Afterwards, the heat associated with each titration step
was integrated and plotted against the molar ratio between the titrant and
the aptamer. Each binding isotherm was background-corrected for dilution

effects.
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Figure S1: ITC-measurements of the TC-aptamer in the presence of 10 mM Mn?T.
A Kp value of 10nM was obtained for ligand binding, which is identical to recently
published results [1, 2].
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2 Spin ladder diagram and model spectra for homonuclear
THYCOS and 2D EDNMR

Figure S2 shows THYCOS and 2D EDNMR model spectra and the evolution
of spin population when the RF pulse or the second ELDOR pulse excite
the same nuclei that was already excited by the first ELDOR pulse (e.g.,
I; in Figure S2). The 2D EDNMR model spectra in Figure S2 reflect the

31p_31P self-correlations in Figure 5 and 6 of the main manuscript.

A o 2 @ @ B o 6 o
w[e[:N [N

Vre [M HZ] Vep2 = Vet [MHZ]

Figure S2: A and B) Pulse sequence of a THYCOS [3] (left) and a 2D EDNMR [4]
(right) experiment. In both cases, Gaussian-shaped ELDOR pulses were used to
minimize the spectral overlap of detection and ELDOR pulses. C and D) Energy
ladder diagrams for a weakly coupled 8-level system, consisting of an electron spin
with S = 1/2 and two different nuclear spins with Iy = 1/2 and I, = 1/2 (gn,
aiso > 0). Bold black arrows depict the detected allowed EPR transition, whereas
the dashed black arrows (D) & (5)) depict the first ELDOR pulse, which is on-
resonance with a forbidden transition of nuclei I;. (2): For THYCOS, two allowed
NMR transitions of nuclei I; (solid green and red arrows) are associated with the
detected EPR transition. 6): For 2D EDNMR, two forbidden transitions of nuclei
I (dashed green and red arrows) are associated with the detected EPR transition.
® & (: Spin population before the echo detection sequence in THYCOS and
2D EDNMR respectively for excitation of the two nuclear transitions. E and F)
THYCOS and 2D EDNMR model spectra. For homonuclear THYCOS and 2D
EDNMR positive and negative signals are expected for both experiments.
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3 Additional 1D EDNMR spectra

Figure S3 shows Q-band EDNMR data of a sample containing the TC-
aptamer and Mn?* before and after dialysis (Amicon 10kDa filters) with
potassium chloride (four times) and DEPC-treated MiliQQ water (four times).
Before ion exchange, a rather intense signal at the 2*Na-Larmor frequency
(v93na = 13.5 MHz) is visible, that would heavily interfere with 2C signals
(v13¢ = 12.7MHz) and 3C-3'P correlation signals. After dialysis, a small

13C-carbon signal due to natural abundance '*C remains visible.

= RNA/Mn*" dialyzed
RNA/Mn* not dialyzed 7

- ‘ ‘ §v2‘3Na ‘ ‘ o
0 5 10 15 20 25 30
Av/ MHz

Figure S3: Q-band EDNMR spectra of a sample containing the TC-aptamer and
Mn?* before and after dialysis with potassium chloride and DEPC-treated MiliQ
water. The Larmor frequencies of 13C and 23Na are depicted with dashed lines.

Figure S4 shows full-range EDNMR spectra of samples presented in Fig-
ure 3 of the main manuscript. 'H resonances appear at Ay = £50.2 MHz.
EDNMR signals of the strongly-coupled Mn nuclei (Issp, = 5/2) ap-
pear at Av = —157.0MHz, Av = —113.5MHz, Arv = 113.0 MHz and
Av = 155.5 MHz. The splitting of the two °°Mn signals on each side of
the EDNMR spectrum is AAv ~ 43 MHz. The signals are centered around
AT =~ 135 MHz, which is half the isotropic hyperfine coupling a;s,. The value
of AAv is larger than the expected first-order value of 2vs553, = 25.4 MHz,
which is due to a small electron Zeeman interaction in comparison to a large

hyperfine interaction of a high spin nuclei [5].
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B = RNA/Mn*
= RNA/Mn*/TC
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ﬂ
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Figure S4: Full-range Q-band 1D EDNMR spectra (—220 MHz to 220 MHz) of
different Mn?* complexes. Blue: TC-aptamer with Mn?t, red: TC-aptamer with
Mn?* and TC, green: TC-aptamer with Mn?* and '*C-labeled TC. The inset on
the lower right expands the ®*Mn region of the full-range EDNMR spectra.

Figure S5 shows Q-band EDNMR spectra of samples with unlabeled
TC (red spectra) and '3C-labeled TC (green spectra) before (bold colored)
and after (pale colored) three freeze-thaw cycles. The upper row shows the
13C/31P region, the lower row shows the ®Mn region of EDNMR spectra.
For both samples, an increase in intensity for the outer phosphorous coupling
is observed after the freeze-thaw cycles, whereas the intensity of the inner
phosphorous coupling is decreased. We therefore attribute the outer phos-
phorous coupling to degraded single stranded RNA (ssRNA), and the inner
phosphorous coupling to intact double stranded RNA (dsRNA). The 3C
intensity decreases as well after the freeze-thaw cycles. This makes sense, as
TC can only bind to dsRNA and not ssRNA, and the ssRNA binding sites
seem to have a higher affinity toward Mn?* than free TC. For both sam-
ples, the ®*Mn signals (especially the signals at Av ~ —155MHz) exhibit
a broader linewidth after the freeze-thaw cycles. This is also expected, as
Mn?* ions coordinated by ssRNA are expected to have a slightly different
coordination geometry compared to Mn?* ions coordinated by dsRNA. Sig-
nals next to the °Mn peaks are due to 'H-Mn combination frequencies
[6].
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Figure S5: Q-band EDNMR spectra of different Mn?* complexes before and after
three freeze-thaw cycles. Red: TC-aptamer with Mn?* and TC, green: TC-aptamer
with Mn2* and 13C-labeled TC. The upper row shows the 3C/3!P region, the
lower row shows the °°Mn region. Bold colored: before the freeze-thaw cycles, pale
colored: after the freeze-thaw cycles. Spectra in the upper row are normalized to

the intensity of the phosphorous signal at Ay = —25MHz. Spectra in the lower
row are normalized to the intensity of the manganese signal at Av = —155 MHz.
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4 3'P-Davies ENDOR simulations and Mn?* binding sites of
the TC-aptamer

Figure S6 shows simulations of a 3'P-Davies ENDOR spectrum of a sample
with TC-aptamer, Mn?t and !'3C-labeled TC. Simulations were performed
using the salt routine of the Matlab toolbox EasySpin [7].

Agp(1) Iv
— sum

16 18 20 22 24 26
Ve /| MHZ

Figure S6: Simulation (red) of a 3'P-Davies ENDOR, spectrum of a sample con-
taining TC-aptamer, Mn?* and 13C-labeled TC (black). Four components were
required to fit the inner hyperfine coupling. For the outer hyperfine coupling, one
component was sufficient.

The outer hyperfine coupling As;p(2) could be fitted by assuming one
axial hyperfine tensor (Table S1). For the inner hyperfine coupling As;p(1),
four different rhombic hyperfine tensors were required (Table S1). Starting
point for the 4-component fit was the 3-component fit by Un and Bruch to
simulate a tridentate MnATP coordination sphere [8]. The isotropic hyper-
fine values by Un and Bruch had to be increased to achieve a good agreement.
A fourth component was added to take into the account the flanks at 19.5
and 21.5 MHz (arrows in Figure S6). The ratio of the 4-component fit for
Azip(l) was 1 :1:1:0.2. A Gaussian linewidth of 0.3 MHz (full width
half maximum) was used for all 3'P-Davies ENDOR, simulations. Only the
central electron transition was considered. An interpretation of the four dif-

ferent components is difficult, especially as the crystal structure shows 11
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different Mn?* binding sites (Figure S7). Although the affinities of these
binding sites are not known, it can be assumed that the divalent metal ion
in the binding pocket has the highest affinity out of all divalent metal ion
binding sites in the presence of TC (1 in Figure S7).

Figure S7: Stick-cartoon representation of the TC-aptamer in grey (PDB code:
3EGZ [9]) with 11 divalent metal ion binding sites (magenta). TC is shown in
orange. Phosphate backbone groups that have a Mn2+-3'P distance of r < 0.4nm
are indicated in red.

Out of the 11 divalent metal ions, 7 ions exhibit a Mn?*-31P distance
of r < 0.4nm. Out of these 7, 4 exhibit a distance that is somewhat in
agreement with the four components of Asyp(1) (binding sites 1, 3, 4 and 6,
Table S2). Still, we did not attempt to assign one of the components of the



simulation shown in Figure S6 to one of these binding sites. For example, Un
and Bruch showed using experimental ENDOR data and quantum chemical
DFT calculations, that even a single Mn-phosphorous binding site needs

several components for an adequate fitting.

aiso / MHz T /MHz p/MHz 1 /nm

Aszip(1) i 3.75 0.90 -0.35 0.33
Azip(1) ii 4.70 0.85 -0.25 0.34
Az1p(1) iii 4.80 0.80 -0.55 0.34
Asz1p(1) iv 2.85 0.90 -0.35 0.33
As1p(2) 9.55 1.05 - 0.31
binding site 1 - 0.98 - 0.32
binding site 2 - 0.63/0.69 - 0.36/0.37
binding site 3 - 0.90 - 0.33
binding site 4 - 0.90 - 0.33
binding site 5 - 0.69 - 0.37
binding site 6 - 0.75 - 0.35

binding site 7 - 0.69 - 0.37
binding site 8 - - -
binding site 9 - - - -
binding site 10 - - - -
binding site 11 - - - -

Table S1: Hyperfine tensors that were needed to simulate the 3'P-Davies ENDOR
spectrum shown in Figure S6. The ratio of the four rhombic hyperfine tensors for
Azip(1) was 1: 1: 1 : 0.2. For comparison, 3'P-Mn?* crystal structure dis-
tances and dipolar hyperfine couplings T' assuming the point-dipole approximation
of binding sites with 3'P-Mn?* distances of » < 0.4nm are also shown.

10
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5 BC-Mims ENDOR simulations and additional 3C-Mims
ENDOR spectra

The ¥C-Mims ENDOR spectrum of a sample containing TC-aptamer, Mn?*
and 13C-labeled TC was background-corrected by subtracting the ¥ C-Mims
ENDOR spectrum of a sample containing TC-aptamer, Mn?* and unlabeled
TC (recorded with identical experimental parameters). As can be seen from
Figure S8, the spectrum of the unlabeled sample features a significantly dis-
torted baseline, that is also present in the spectrum of the sample containing
13C-labeled TC.

| = RNA/Mn*/TC
= RNA/Mn*/°C-TC

1.5 12 125 13 13.5 14 145
Ve / MHZ

Figure S8: Raw '3C-Mims ENDOR spectra of different Mn?* complexes. Red:
TC-aptamer with Mn?* and TC, green: TC-aptamer with Mn?t and '*C-labeled
TC.

A BC-Mims ENDOR spectrum with a higher 7 value led to more distor-
tions due to the Mims ENDOR suppression function Fgypor o sin?(mAr)
(units of MHz and ps for A and 7). For 7 = 500 ns, blindspots appeared at
11.8 MHz and 14.8 MHz (asterisks in Figure S9). In return, signals close to
the 13C-Larmor frequency gained in intensity, however, no new information
could be obtained.

Simulations using the Matlab toolbox EasySpin for two different 7 val-
ues yielded two different possibilities for the larger *C-hyperfine coupling.
These were a;so = 1.3MHz and T' = 0.6 MHz (red, left column of Figure S9)

11
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or ajso = —0.4MHz and T' = —1.2 MHz (orange, right column of Figure S9),
although the second possibility gives a slightly better agreement. 3C-Mn?+

distances extracted from the crystal structure do, however, favor the first

possibility.
I — simulation T=500 ns { r — simulation T=500 ns
= experimental aiso = 1.3 MHz = experimental aiso = -0.4 MHz

T =0.6 MHz
r =0.32nm

T =-12MHz |
r =0.26 nm

11.5 12 125 13 135 14 145 115 12 125 13 135 14 145

Ve / MHZ Ve / MHZ
I — simulation T=330 ns { [ — simulation =330 ns -
= experimental aiso = 1.3 MHz = experimental aiso = -0.4 MHz
T =06MHz ] | T =-1.2MHz |

r =0.32nm r =0.26 nm

11.5 12 125 13 135 14 145 115 12 125 13 135 14 145
Vee / MHZ Vee / MHZ

Figure S9: Q-band *C-Mims ENDOR spectra of a sample containing TC-aptamer,
Mn?* and '3C-labeled TC (black) recorded at different 7 values. First row: 7 =
500 ns, second row: 7 = 330 ns. Mims ENDOR blindspots are marked by asterisks.
Simulations, convoluted with the Mims ENDOR suppression function, are shown
in red or orange. Two different possibilities for the larger hyperfine coupling are
presented. First column: a;s, = 1.3 MHz and T' = 0.6 MHz, second column: a;s, =
—0.4MHz and T'= —1.2 MHz.

Due to the featureless appearance of the smaller hyperfine coupling, we
used values of a;5, = 0.08 MHz and T = 0.16 MHz for both cases. A Gaus-

12
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sian linewidth of 0.9 MHz and a Lorentzian linewidth of 0.4 MHz were used
for all simulations. Only the central electron transition was considered. Sim-
ulations were convoluted with the suppression function Fgypor to account
for Mims ENDOR blindspots. This is an idealized assumption, as the exper-
imental spectra do not exhibit zero intensity at the *C-Larmor frequency.
Frnpor was therefore dampened to obtain a better agreement with exper-
imental spectra. The non-ideal behavior of Fgypor most likely stems from
the fact that the 7/2 pulses are not infinitely short and perfect 90° pulses,
which leads to a smeared out polarization grating. We did not attempt a

multi-component fit of the larger '3C-hyperfine coupling.

M

I = sim. possibility 1 5V13C
sim. possibility 2
[ == experimental

9 10 11 12 13 14 15
Ve / MHZ

Figure S10: Q-band 3C-Mims ENDOR spectrum (7 = 330 ns) of a sample contain-
ing TC-aptamer, Mn2* and 13C-labeled TC (black) recorded on the low field edge
of the echo-detected field-swept spectrum (1.16 T, marked by an arrow). The sim-
ulation of the first possibility (a;so = 1.3 MHz and T = 0.6 MHz) is shown in red,
the simulation of the second possibility is shown in orange (a;s, = —0.4 MHz and
T = —1.2MHz). Simulations were convoluted with the Mims ENDOR suppression
function, which is shown in grey for 7 = 330 ns.

In order to reveal which possibility for the outer hyperfine coupling is
more likely, we performed Mims ENDOR experiments at the low field edge
of the echo-detected field-swept spectrum (1.16 T, 33.77 GHz). In such a
case, the detection pulses should mainly excite the outer electron transitions
lms = —3/2) < | —1/2) and |mg = —5/2) < | — 3/2). The nuclear

resonances are then no longer centered symmetrically around the nuclear

13
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Larmor frequency, but are shifted to either the right or left side of the
spectrum, which depends on the sign of the hyperfine coupling and the sign
of the nuclear g-value (which is known). Figure S10 shows that most of
the intensity is confined to the right side of the Mims ENDOR spectrum.
This supports the first possibility presented in Figure S9, as here nuclear
transitions in electron spin manifolds of |mg = —3/2) and |mg = —1/2)
should solely resonate at higher frequencies than the Larmor frequency (red
simulation in Figure S10). For the second possibility (orange simulation in
Figure S10), we would still expect an asymmetric spectrum with respect to
the Larmor frequency, however, we would expect rather similar intensities
on both sides of the Larmor frequency (if one ignores the sharp signal at
12.7MHz). This is due to the fact that the powder pattern of one nuclear
transition already resonates on both sides of the Larmor frequency (because

T > aiso).

=t,=15ms

| =t,=1ms
t.x=0.5ms
| =t.,=0.1ms v
=t =0.01ms

11.5 12 125 13 13.5 14 145
Ve / MHZ

Figure S11: Q-band variable mixing time *C-Mims ENDOR spectra of a sam-
ple containing TC-aptamer, Mn?* and '3C-labeled TC. Different mixing times of
tmiz = 0.01, 0.1, 0.5, 1 and 1.5 ms were used. For VMT Mims ENDOR spectra, no
baseline correction was performed.

Another option to distinguish between the two possibilities presented in
Figure S9 is to perform variable mixing time ENDOR (VMT ENDOR) ex-

14
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periments [10]. In such an experiment, the time t,,;, between the end of the
RF pulse and the third detection pulse is varied. At higher mixing times
and at sufficiently cold temperatures or high magnetic fields, the nuclear
transitions in the |mg = ) and |mg = «) manifold will exhibit different
ENDOR efficiencies. More precisely, the ENDOR efficiency of the nuclear
transition in the |mg = «) manifold will decrease, whereas the ENDOR effi-
ciency of the nuclear transition in the |mg = ) manifold will stay constant.
Figure S11 shows that the intensity of the signal at 12.5 MHz decreases with
longer mixing times t,,;,, whereas the signal at 13.4 MHz stays constant.
The signal at 12.5 MHz must therefore correspond to the nuclear transition
in the |mg = «) manifold, which means that the hyperfine coupling must be
positive. VMT ENDOR therefore supports the first possibility presented in
Figure S9, which is in line with ENDOR studies performed on the low field
edge (Figure S10).

A C

+ — DFT simulation =330 ns 1

= experimental

1.5 12 125 13 135 14 145
Vge / MHz

Figure S12: A) Stick presentation of TC and the divalent metal ion as found in the
crystal structure. B) Secondary structure of TC with complete carbon numbering.
DFT-calculations were performed on a zwitterionic TC form, which is expected
to be the main conformation at pH = 7.5. C) Simulation (red, convoluted with
suppression function Fpnpor) of DFT-derived 13C-hyperfine tensors of TC com-
pared to the experimental '3C-Mims ENDOR spectrum of a sample containing
TC-aptamer, Mn2* and **C-labeled TC (black).

15
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We also performed DFT-calculations of a Mn-TC complex to further
substantiate the findings of low field edge ENDOR (Figure S10) and VMT
ENDOR (Figure S11). Figure S12A shows TC and the divalent metal ion
as found in the crystal structure. Water molecules were added to complete
a hexacoordinated Mn?* ion. Figure S12B shows the secondary structure
of TC with a complete numbering of the carbon atoms. DFT-calculations
were carried out using ORCA 4.0 [11]. A 6-31+G(d,p) basis set, the PBEQ
hybrid functional, the Grid5 option and the C-PCM solvation model (water
as solvent) were used. No further geometry optimization was performed.

The TightSCF option was used as convergence criteria.

aiso / MHz T /MHz p/MHz r /nm

Cl11 1.7 0.72 0.065 0.30
C12 1.7 0.54 0.12 0.33
Clla 1.1 0.33 0.22 0.39
C10a 0.67 0.29 0.045 0.41
C12a 0.45 0.24 0.025 0.44
C10 0.083 0.19 0.035 0.47
C1 0.020 0.16 0.010 0.50
Cbha 0.033 0.15 - 0.51
Cba 0.25 0.11 0.040 0.57
Cda 0.037 0.10 - 0.58

Table S2: DFT-derived '3C-hyperfine tensors of Mn-TC that feature a significant
isotropic hyperfine coupling constant a;s, and/or a dipolar coupling constant 7.

16
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Table S2 shows results of the DFT-calculation. For a better overview,
only carbon atoms that feature a significant isotropic hyperfine coupling
aiso and/or a dipolar coupling T are shown. It is clear, that the hyperfine
tensors of the closest carbon atoms (Cl1 and C12) agree more with the
first possibility (a;so = 1.3MHz and T = 0.6 MHz) than with the second
possibility (a;so = —0.4MHz and T = —1.2 MHz). This is in line with the
low field ENDOR and VMT ENDOR results. Figure S12C shows a Mims
ENDOR simulation (convoluted with Fgnypor) based on all DFT-derived
hyperfine tensors. The overall lineshape of the experimental spectrum is well
reproduced. The splitting (mainly caused by a;s,) is slightly overestimated
by the DFT-calculation.

17
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6 Additional 2D EDNMR spectra

b

SHIT

- -4
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Figure S13: Primary Q-band 2D EDNMR spectra before background correction of
samples containing TC-aptamer, Mn?* and TC (left) and TC-aptamer, Mn?* and
13C-labeled TC (right).

Figure S14 and Figure S15 show all four quadrants of samples containing
TC-aptamer, Mn?T and unlabeled (Figure S14) or *C-labeled TC (Figure
S15). As can be seen, the minus-minus and plus-minus quadrant (lower
quadrants) are identical to the plus-plus and minus-plus quadrant, that were
already presented in Figure 5 of the main manuscript. The “horizontal line”
in the lower quadrants of Figure S14 is a consequence of a phase instability
in a slice used for background correction, that thus propagated into the
complete 2D EDNMR spectrum.

18
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Figure S14: All four quadrants of a background-corrected Q-band 2D EDNMR,
spectrum of a sample containing TC-aptamer, Mn?* and TC.
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Figure S15: All four quadrants of a background-corrected Q-band 2D EDNMR,
spectrum of a sample containing TC-aptamer, Mn?* and '3C-labeled TC.
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Figure S16, S17 and S18 show background-corrected Q-band EDNMR
spectra of additional Mn?* complexes. The 2D EDNMR spectrum of Mn?*
with inorganic phosphate (MnP;) (Figure S16) shows clear correlation sig-
nals between 'P and 23Na, which is present in huge amounts, as sodium
phosphate was used for formation of MnP;. The “cross-like” signals, that
were discussed in the main manuscript, are also present, although to a weaker
extent (circles in Figure S16).

The 2D EDNMR spectrum of Mn-!'3C-DOTA (Figure S17) is character-
ized by a series of congested correlation signals of *C and N, which makes
an in-depth analysis difficult. Surprisingly, a negative *N-'4N correlation
of 1N double quantum transitions at (—10,10) and (10,—10) MHz is absent,
however, various >C-14N correlation signals appear in all quadrants of the
spectrum (positive and negative signals).

Not surprisingly, the 2D EDNMR spectrum of MnH5O is finally free of
any correlation signals (Figure S18). 'H signals resonate at Av = +50 MHz,
and are therefore not observed in Figure S18. We attribute the diagonal
lines in the plus-plus and minus-minus quadrant to minor artifacts of the

background correction.
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Figure S16: All four quadrants of a background-corrected Q-band 2D EDNMR,
spectrum of a sample containing Mn?* (0.5 mM) and sodium phosphate (5mM).
Signals at £13.5 MHz are due to Na™ ions, that interact via the negatively charged
phosphate with Mn?*. Black circles highlight “cross-like” signals, that were also
observed in Figure 5 of the main manuscript.
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Figure S17: All four quadrants of a background-corrected Q-band 2D EDNMR,
spectrum of Mn-'*C-DOTA (2mM).
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Figure S18: All four quadrants of a background-corrected Q-band 2D EDNMR,
spectrum of MnH>O (1mM). No discernible signals were observed in the region

presented.

24



205

210

7 Additional THYCOS spectra

Figure S19 shows homonuclear 3'P-3'P THYCOS spectra of a sample con-
taining TC-aptamer, Mn?* and TC (THYCOS spectra of a sample with
13C-labeled TC were identical to those presented in Figure S19). As also
shown in the THYCOS model spectrum presented in Figure S2E, negative
THYCOS signals are observed for those nuclear spin manifolds that were
already affected by the ELDOR pulse. Positive THYCOS signals are ob-
served for nuclear spin manifolds that originate from the other electron spin
manifold. This homonuclear THYCOS pattern is clearly visible for the inner
phosphorous hyperfine coupling (signals at 18.1 and 22.9 MHz).

Av, = 25.2 MHz
W

18.1 MHz

15.8 MHz |

16 18 20 22 24 26
Vee / MHZ

Figure S19: Q-band 3'P-3'P THYCOS spectra of a sample containing TC-aptamer,
Mn?* and TC. The frequency offsets of the ELDOR. pulse Av; were chosen to be
on-resonance with the four 3!'P signals that were also observed in the 3'P-Davies
ENDOR spectrum (Figure 4A of the main manuscript). The arrows indicate self-
correlation signals of the outer 3'P-hyperfine coupling.
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For the outer hyperfine coupling, the analysis is a bit more difficult.
Upon careful inspection, however, a positive signal at 25.2 MHz is visible if
the nuclear spin manifold at Avy = 15.8 MHz gets excited by the ELDOR
pulse (and wice versa, see arrows in Figure S19). The positive signal at
25.2 MHz is absent if the inner phosphorous hyperfine coupling gets excited
by the ELDOR pulse (18.1 or 22.9 MHz). We therefore conclude, that the
two different phosphorous couplings do not interact with the same Mn2*
ion, which is in line with the aforementioned EDNMR freeze-thaw cycle

experiments (Figure S5).

= RNA/Mn* |
*N-RNA/Mn*
L L L L L L L 1 1 1 1 1 1
0 5 10 15 20 25 30 16 18 20 22 24 26
Av/ MHz Ve / MHZ

Figure S20: A) Q-band 1D EDNMR spectra of different Mn?* complexes. Bold
blue: TC-aptamer with Mn?*, pale blue: 'N-labeled TC-aptamer with Mn?T.
The ®N-labeled TC-aptamer exhibits a strong 22Na signal at 13.5 MHz from the
RNA purification process, as no Nat /K" buffer exchange was performed. B) Q-
band THYCOS spectra of the aforementioned samples. The RF pulse was used to
sample the 3'P region. The frequency offset of the ELDOR pulse, Avy, is indicated
in the figure. Artifacts, due to off-resonance ELDOR pulse effects, gain in intensity
with decreasing Av; values.
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Figure S20 shows a comparison of 1D EDNMR (Figure S20A) and THY-
COS (Figure S20B) spectra for a sample containing TC-aptamer and Mn?*
(bold blue) and a sample containing '°N-labeled TC-aptamer and Mn?*
(pale blue). Significant differences in the EDNMR spectra involve the strong
23Na signal of the N-labeled sample, as here no Na* /K" buffer exchange
was performed. More importantly, the 'N-labeled sample features a N
single quantum (sq) signal at 6.2 MHz (v15n = 5.2 MHz), which would cor-
respond to Aijsy &~ 2.0 MHz. The unlabeled sample obviously misses this
signal, but is instead characterized by a *N double quantum signal (dq,
Amg = 1, Am; = +2) at 9.7 MHz. More nitrogen signals at lower fre-
quency offsets are obscured by the central blindspot. In spite of the differ-
ences of the EDNMR spectra, the THYCOS spectra of these two samples
(Figure S20B) are essentially identical. Here, the RF pulse was used to
sample the 3'P region, and the frequency offset Av; of the ELDOR pulse
matched the region of 1N sq and *N dq signals. The similarity of the THY-
COS spectra underlines that the observed negative THYCOS signals are not
HN-3IP correlation signals, but rather a consequence of off-resonance effects
caused by the ELDOR pulse as Av; approaches zero. The signals observed
in Figure S20B correspond to the “cross-like” signals, that were already ob-
served in 2D EDNMR spectra (Figure S14, S15, S16 and Figure 5 in the

main manuscript).
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METHOD

Influence of Mg?* on the conformational flexibility
of a tetracycline aptamer
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ABSTRACT

The tetracycline-binding RNA aptamer (TC-aptamer) is a synthetic riboswitch that binds the antibiotic tetracycline (TC)
with exceptionally high affinity. Although a crystal structure exists of the TC-bound state, little is known about the confor-
mational dynamics and changes upon ligand binding. In this study, pulsed electron paramagnetic resonance techniques for
measuring distances (PELDOR) in combination with rigid nitroxide spin labels (Cm spin label) were used to investigate the
conformational flexibility of the TC-aptamer in the presence and absence of TC at different Mg?* concentrations. TC was
found to be the essential factor for stabilizing the tertiary structure at intermediate Mg?* concentrations. At higher Mg?*
concentrations, Mg?* alone is sufficient to stabilize the tertiary structure. In addition, the orientation of the two spin-la-
beled RNA helices with respect to each other was analyzed with orientation-selective PELDOR and compared to the crystal
structure. These results demonstrate for the first time the unique value of the Cm spin label in combination with PELDOR to
provide information about conformational flexibilities and orientations of secondary structure elements of biologically rel-
evant RNAs.

Keywords: tetracycline aptamer; conformational flexibility; divalent metal ions; PELDOR; DEER; synthetic riboswitches

INTRODUCTION the TC-aptamer widely used as a synthetic riboswitch.
Firstly, the TC-aptamer exhibits a K4 value in the sub-nano-
molar range (Kq =800 pM), which is one of the highest af-
finities of an aptamer toward its ligand (Miiller et al. 2006).
Secondly, the TC-aptamer is one of the few aptamers that
is known to function as a riboswitch in vivo, where it can
control translation and splicing (Weigand and Suess
2007; Kotter et al. 2009; Vogel et al. 2018). Although sev-
eral small molecule binding aptamers have been selected,
only a few aptamers show riboswitch activity in vivo, name-
ly the tetracycline, the theophylline, the neomycin and the
biotin aptamer (Berens et al. 2015).

Therefore, a series of experimental studies have been
performed in order to investigate which structural
motifs are responsible for the unique properties of the
TC-aptamer. Hanson and coworkers showed by using
chemical probing experiments, in combination with fluo-
rescence measurements, that loop 3 (L3, cyan in Fig. 1B,

Over past years, the role of RNAs in life sciences has
changed from a pure information carrier in protein bio-
synthesis to a more active component in gene regulation.
One of the new roles for RNAs are riboswitches, which
are typically found in the untranslated regions of bacterial
mRNA and bind specific small molecules with high affinity.
Binding of the ligand leads to a conformational change of
the aptamer domain, which in turn alters gene regulation.
Based on this concept, artificially engineered riboswitches
have attracted attention, with the ultimate goal of using en-
gineered riboswitches in gene therapy (Breaker 2012;
Groher and Suess 2014; Hallberg et al. 2017).

A promising synthetic riboswitch is the approximately
60 nucleotide (nt) long tetracycline aptamer (TC-aptamer),
discovered by SELEX in the Schroeder laboratory (Berens
et al. 2001), that binds the antibiotic TC (Fig. 1A).
Besides the nontoxicity and good cell permeability of TC

(Chopra and Roberts 2001), several other aspects make S ]
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FIGURE 1. (A) Chemical structure of the antibiotic TC. Metal ligation typically occurs via O11
and O12. (B) Secondary structure of the TC-aptamer as used for Mg®* titration experiments.
Two Cm nucleosides are shown in black. (C) Cartoon representation of a TC-binding RNA
aptamer based on the crystal structure by Xiao et al. (2008). Selected Mgz+-ions are shown in
magenta. TCis shown in green. Two rigid nitroxide spin labels (Cm) were attached to the crystal
structure (shown in black). The expected distance between the two unpaired electron spins is
3.8 nm. (D) Chemical structure of Cm. Two covalent bonds between the nitroxide moiety (red)

and cytidine significantly reduce the internal flexibility of Cm.

C) is crucial for binding of TC (Hanson et al. 2005), which
was later confirmed by the crystal structure of the TC-
aptamer bound to its cognate ligand (Xiao et al. 2008).
The tertiary structure was found to be fairly complex, re-
sembling an “h-shaped” structure that is reminiscent of
larger, natural occurring riboswitches and rather unusual
for other aptamers of comparable size (McCown et al.
2017). The crystal structure also revealed that TC binds
as a Mg®*-ion chelate to the aptamer (Fig. 1C). The TC
chelate complex is further stabilized by a series of nonco-
valent interactions with different nucleotides in the bind-
ing pocket. In addition, more Mg?* ions were found to
bind near junctions J1/2 and J2/3 of the aptamer.
Although a crystal structure yields a highly resolved
three-dimensional picture, care has to be taken of inter-
preting structural motifs and their function solely based
on crystal structure data (Nelson and Uhlenbeck 2006). It
cannot be deduced from the crystal structure on how the
tertiary structure looks in the absence of TC or how the
Mg?* concentration affects RNA folding and ligand bind-
ing. In addition, crystal-packing effects can distort the
physiological conformation.

To answer these questions, Wunnicke and coworkers
performed EPR (electron paramagnetic resonance) experi-
ments on a nitroxide-labeled TC-aptamer in the absence
and presence of TC (Wunnicke etal. 2011). They proposed
a tertiary structure in the absence of TC in which mainly the
junction J1/2 between the stems P1and P2 gets displaced.
Forster and coworkers used time-resolved fluorescence
measurements of the ligand TC to investigate the folding

kinetics of the wild-type aptamer and
three mutants (Forster et al. 2012). It
was found that the ligand binds to
the aptamer in a two-step process. In
a first reversible process, the ligand is
recognized by the RNA. In a second ir-
reversible reaction, the aptamer forms
its final tertiary structure. Out of the
three mutants, mutant A9G had the
strongest impact on the folding ki-
netics. Here, the kinetics were slowed
down by several orders of magnitude.
In a follow-up study, Reuss and co-
workers examined the influence of
Mg?* concentration on the folding
kinetics and thermodynamics of the
aptamer by using isothermal titration
calorimetry (ITC), circular dichroism
(CD) spectroscopy, fluorescence spec-
troscopy, and melting studies. Among
others, it was concluded that at high
Mg?* concentrations (>1.5 mM), the
aptamer adopts its near-final tertiary
structure, even in the absence of TC
(Reuss et al. 2014).

In the present study, we used pulsed electron-electron
double resonance spectroscopy (PELDOR, also called
DEER) (Milov et al. 1981; Pannier et al. 2000) to measure
intramolecular distances and thereby conformational flex-
ibility of a frozen conformational ensemble of a doubly
nitroxide-labeled TC-aptamer at different Mg?* concen-
trations in the presence and absence of TC. In PELDOR,
the integrated echo intensity of a refocused Hahn echo
(RHE) is monitored as a function of the incremented time
t before the pump pulse with the microwave frequency
vg (Fig. 2A). As a result, the recorded PELDOR time traces
oscillate with the dipolar coupling frequency wqq, which is
inversely proportional to r*. Tikhonov regularization of
background-corrected PELDOR time traces (Fig. 2B, left)
then yields a probability function P(r) for the distance distri-
bution (Fig. 2B, right). Another important parameter be-
sides the distance distribution P(r) is the modulation
depth A. For a pure 2-spin system (as shown schematically
in Fig. 2A) and experimental parameters of our Q-band ex-
periments (see “Q-band PELDOR" section), A cannot ex-
ceed a value of 0.25 (or 25%).

As nitroxide spin probes we utilize the rigid and nonper-
turbing Cm spin label (Fig. 1D; Hobartner et al. 2012). In
the study by Hébartner et al. (2012), thermodynamic melt-
ing experiments and CD spectroscopy on small RNA heli-
ces showed that insertion of the Cm spin label yields only
small, negligible differences in comparison to an unmodi-
fied RNA. Rigid nitroxide spin labels, such as Cm, offer sev-
eral advantages over flexible nitroxide spin labels. Due to
the negligible internal freedom of motion of rigid spin
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FIGURE 2. (A) Pulse sequence of a four-pulse PELDOR experiment
(Pannier et al. 2000). The integrated echo intensity of the refocused
Hahn echo (RHE) at 274 + 27, is monitored as a function of the time tbe-
tween the initial Hahn echo (HE) and the pump pulse with frequency vg.
(B) Simulated PELDOR time traces (left) for a Gaussian distribution of
distances centered at 3.9 nm (right). Two different distribution widths
Ar (FWHM) of 0.4 nm (green) and 0.95 nm (purple) were simulated.
Larger Ar values correspond to a higher conformational flexibility of
the nitroxide-labeled helices, which causes a stronger dampening of
the oscillations in the time domain. The PELDOR traces oscillate with
the dipolar coupling frequency wgq, which is inversely proportional to .

labels, the distance distributions P(r) tend to exhibit a small
full width at half maximum (FWHM, Ar). Therefore, the dis-
tances and their distribution can be directly related to the
structure and conformational flexibility of the nucleic acid
itself. Thus, a system with high conformational flexibility
would yield rather strongly dampened oscillations in the
time domain and a broad probability distribution P(r) in
the distance domain (purple data in Fig. 2B). Vice versa,
a low degree of conformational flexibility would yield pro-
nounced oscillations with a narrow probability distribution
P(r) (green data in Fig. 2B).

More importantly, rigid spin labels can be used to study
the relative orientation of two helices with respect to each
other, aphenomenon that s typically referred to as orienta-
tion selection. Orientation selection of the rigid Cm spin la-
bel was first reported by Tkach and coworkers on an RNA
model duplex (Tkach et al. 2013). Grytz and coworkers
used the rigid € spin label, a derivative of Cm for DNA mol-
ecules, to determine helix orientations of a cocaine-binding
DNA aptamer and a flexible DNA-motif (Grytz et al. 2016,
2017). Long-distance restraints of PELDOR measurements
were combined with short-distance nuclear magnetic reso-
nance (NMR) restraints to propose a global three-dimen-
sional structure of a flexible DNA-motif (Grytz et al. 2017).

Thus, PELDOR in combination with rigid spin labels al-
lows investigating the conformational flexibility of selected
secondary structure elements in a parameter-free ap-
proach. The results of this study complement the afore-
mentioned recent findings by Forster et al. (2012) and
Reuss et al. (2014), where the conformational dynamics of
a TC-aptamer were studied by performing melting, ITC,

160 RNA, Vol. 25, No. 1

and CD studies of the whole aptamer itself and by looking
at the fluorescence of the ligand. Whereas these latter two
aforementioned studies examine kinetic and thermody-
namic properties, such as free energies and rate constants,
the present study quantitatively determines structural data
such as distances and angular information and relates it to
the conformational flexibility of the aptamer.

RESULTS AND DISCUSSION

In order to facilitate spin-labeling of the aptamer, the con-
struct was separated into two components. As helices P1
and P2 are part of the scaffold and loop L2 is not important
for either binding of the ligand or folding of the aptamer,
loop L2 was removed (Hanson et al. 2003; Suess et al.
2003), thus separating the TC-aptamer. The complete
TC-aptamer (Fig. 1A) was then restored by hybridization
of the two single strands. Entire hybridization and unaltered
binding affinity toward TC was verified with native PAGE
(Supplemental Fig. S2) and ITC measurements (Supple-
mental Fig. S3). The labeling positions were chosen as close
to the binding pocket as possible, but without directly influ-
encing it to ensure correct ligand binding. In silico simula-
tions based on the crystal structure did not indicate any
sterical clashes for the labeling position shown in Figure 1B.
The "Results” section is structured as follows: At first,
PELDOR Mg®*-titration studies at Q-band frequencies
(=34 GHz) in the absence and presence of TC are present-
ed to investigate the conformational flexibility of the
TC-aptamer. Q-band is the preferred microwave frequency
for the titration studies, as here the influence of orientation
selection is negligibly small, due to similar sizes of the g-
tensor and hyperfine-tensor anisotropies. In this case, the
distance distribution P(r) is free of any artificial peaks due
to orientation selection. In a second step, orientation-
selective PELDOR measurements at X-band frequencies
(~9.4 GHz) are presented to determine the relative orienta-
tion of the two Cm-labeled helices. At 9.4 GHz, the anisot-
ropy of the hyperfine coupling of the '“N-nucleus
dominates the spectral shape, whereas the anisotropy of
the electron Zeeman interaction is negligible (Supplemen-
tal Fig. S4). Therefore, different orientations can be excited
by using different offsets Av (Av=va-vg). By combining
PELDOR measurements at Q-band and X-band, distance
information obtained at Q-band can be verified and
directly related to the orientation of the crystal structure.

Structural changes of the TC-aptamer upon adding
TC and/or Mg?*

The conformational flexibility of the TC-aptamer was inves-
tigated with PELDOR spectroscopy as a function of differ-
ent Mg?* concentrations in the presence or absence of TC.
Mg?* concentrations of 0.22 mM, 0.45 mM, 1.2 mM, and
3.0 mM were chosen to mimic physiological Mg®*
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concentrations (Saris et al. 2000). For rigid spin labels, the
probability function P(r) of Q-band PELDOR data contains
(i) information about the intramolecular distance of the two
spin labels and (ji) information about the conformational
flexibility of the macromolecule (width Ar of a distance
peak).

Figure 3 shows PELDOR time traces and distance distri-
butions of samples containing the TC-aptamer in the pres-
ence (Fig. 3A) or absence (Fig. 3B) of TC at different Mg?*
concentrations. For the “maximum” Mg?" concentration
of 3.0 mM (green) in the presence of TC, clear PELDOR os-
cillations, which correspond to a distance of 3.9 nm, are
visible. This value is in very good agreement with the dis-
tance obtained from the crystal structure (rx..y = 3.8 nm).
The main distance peak is characterized by a very narrow
width of Ar=0.4 nm. Thus, the tertiary structure of the
TC-aptamer seems to have a low conformational flexibility
at high Mg?* concentrations in the presence of TC. For
“intermediate” Mg2+ concentrations of 0.22 mM (violet),
0.45 mM (yellow), and 1.2 mM (cyan) the width of the
main distance peak at 3.9 nm changes only slightly. Here,
Ar increases from 0.4 nm for 1.2 mM Mg?", over 0.5 nm
for 0.45 mM Mg?* to 0.6 nm for 0.2 mM Mg?* (Fig. 4).

In the absence of Mgz+ (red), the distance distribution is
dominated by a very broad component at shorter distanc-
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FIGURE 3. (A) Background-corrected Q-band PELDOR time traces and distance distributions
P(n obtained by Tikhonov regularization of 150 uM TC-aptamer and 165 pM TC with varying
Mg?* concentrations. (B) Background-corrected Q-band PELDOR time traces and distance dis-
tributions P(r) obtained by Tikhonov regularization of 150 uM TC-aptamer with varying Mg?*
concentrations. The inset on the left shows a half-logarithmic plot of the first 300 ns of back-
ground-corrected PELDOR time traces, which illustrates an increased probability for smaller
distances with lower Mg?* concentrations. The fits of the Tikhonov regularization are shown

in black.

no Mg” w/ TC

0.2 mM Mg* w/ TC

1.2 mM Mg™ w/ TC

3.0 mM Mg* w/ TC

no Mg* w/o TC

0.2 mM Mg™ w/o TC

1.2 mM Mg™ w/o TC

3.0 mM Mg* w/o TC

es. Due to the broad distribution width, it is impossible to
give a quantitative interpretation. However, it is likely that
the TC-aptamer adopts a variety of unfolded meta-stable
structures in the absence of Mg?*, hence yielding many
distances and therefore a broad distance distribution. In
general, shorter distances become more probable with
decreasing Mg?* concentrations (Fig. 3A, right). There-
fore, it appears that an Mg?*-dependent equilibrium exists
between the well-defined folded tertiary structure and an
ensemble of unfolded meta-stable conformations.

Figure 3B shows Q-band PELDOR time traces and dis-
tance distributions of samples containing the TC-aptamer
at different Mg®* concentrations in the absence of TC.
PELDOR and distance data at 3 mM Mg?" in the absence
of TC (Fig. 3B, green) are essentially identical to the
PELDOR trace and distance distribution shown in the pres-
ence of TC (Fig. 3A, green). Therefore, at 3mM M92+, TCis
a negligible factor in formation and stabilization of the ter-
tiary structure of the TC-aptamer.

This picture, however, changes when analyzing and com-
paring PELDOR data at “intermediate” Mg®* concentra-
tions (violet, yellow, and cyan data in Fig. 3B). Here, the
widths of the main distance peaks are always broader
than the equivalent distance peaks shown in Figure 3A
(with TC). This becomes also apparent by looking at
Figure 4, where the Ar values of the
distance distributions of Figure 3 are
plotted as a function of the Mg®* con-
centration. For example, the yellow
distance peak in Figure 3B (0.5 mM
Mg?*, without TC) is broader than
the yellow distance peak in Figure 3A
(0.5 mM Mg®*, with TC). Both peaks,
however, share an identical mean dis-
tance of 3.9 nm. In the absence of TC,
Ar increases more drastically than in
the presence of TC from 0.6 nm for
1.2 mM Mg?*, over 0.8 nm for 0.45
mM Mg?* to 1.5 nm for 0.2 mM Mg?
*(Fig. 4). This shows, that at “interme-
diate” l\/lgz+ concentrations, TC is es-
sential for stabilizing the folded
tertiary structure of the aptamer. In
otherwords, in the presence of TC, in-
termediate concentrations of Mg?*
are already sufficient to significantly
reduce the conformational flexibility
of the folded tertiary structure of the
aptamer. The PELDOR time trace
and distance data without TC and
any Mg®* (red in Fig. 3B) are nearly
identical to the time trace and dis-
tance data without any Mg®* but in
the presence of TC (red in Fig. 3A).
This finding is not surprising, as it is
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FIGURE 4. Width Ar (full width at half maximum) of the main distance
peaks at 3.9 nm of the distance distributions shown in Figure 3 as a
function of Mg®* concentration. The color code is identical to
Figure 3. Plus signs label samples in the presence of TC, whereas cir-
cles label samples in the absence of TC. The width Ar of samples with-
out TC increases more strongly with decreasing Mg®* concentration
than for samples with TC. Samples containing no Mg?* are not includ-
ed in this plot, as here no reliable Ar values could be extracted.

generally known that Mg®* is needed for folding of the

TC-aptamer. For a direct comparison of data sets with the
same Mgz+ concentration with and without TC, the reader
is referred to Supplemental Figure Sé.

The trend of increasing Ar values for decreasing Mg?*
concentrations is also consistent with an increased damp-
ening of the PELDOR oscillations for decreasing Mg®* con-
centrations. A stronger dampening of the oscillations in
the time domain causes a broader distribution width in
the distance domain (Fig. 2B). Consequently, a stronger
dampening reflects an increased conformational flexibility
of the RNA helices. For example, the yellow PELDOR time
trace in Figure 3B (0.45 mM Mg?*, without TC) exhibits a
stronger dampening than the yellow PELDOR time trace
in Figure 3A (0.45 mM Mg2+, with TC). Therefore, the trend
of Ar values is already clearly visible in the background-
corrected PELDOR time traces.

Justas in Figure 3A, distance data in Figure 3B also show
an increased probability for shorter distances with decreas-
ing Mg?* concentration. This behavior becomes more ap-
parent when looking at the inset of Figure 3B, which shows
a half-logarithmic plot of the first 300 ns of background-
corrected and modulation-depth scaled PELDOR data.
Here, a steeper slope corresponds to an increased proba-
bility of shorter distances in the distance domain. Due to
the rather broad and unspecific profile of the distance dis-
tributions in the region from 1.8 to 3.0 nm, we did not at-
tempt to compare these regions between Figure 3A (with
TC) and Figure 3B (without TC) in a quantitative manner. It
seems, however, that in the absence of TC, the aforemen-
tioned equilibrium is more shifted toward the side of meta-
stable conformers.

In theory, intramolecular self-hybridization of the spin-la-
beled monomer (22-mer in Fig. 1B) could also yield small
distances similar to those that were observed in Figure
3A,B. However, the helices were designed in such a way
that the heterodimer is thermodynamically significantly

162 RNA, Vol. 25, No. 1

more favorable than the monomer. The predicted free en-
ergy of the heterodimer was calculated to AGpetero = —30.0
kcal/mol, whereas the predicted free energy of the spin-
labeled monomer was calculated to AGyono =—1.2 kcal/
mol (Gruber et al. 2008). In addition, no band correspond-
ing to a self-hybridized 22-mer was observed on a control
gel (Supplemental Fig. S2). We therefore exclude the pos-
sibility of a self-hybridized monomer.

Helical stacking between TC-aptamers

The PELDOR time traces at 3 mM Mg2+ (Fig. 3A,B, green)
seem to contain longer distances (r>5 nm), as here the
minimum of the first oscillation is not the overall minimum.
In addition, the time traces with 3 mM Mg?* exhibit a fairly
large modulation depth A (A =0.4 for a sample with 3 mM
Mg?* and no TC). Multispin systems, where the number of
intramolecular spins N is >2, are known to increase the
modulation depth A (von Hagens et al. 2013).

Large distances and large modulation depths are indic-
ative of RNA stacking, a phenomenon in which RNA heli-
ces stack on top of each other (Piton et al. 2007; Krsti¢
et al. 2011). In our case (rather broad and undefined), dis-
tances at 3 nm and from 5 nm to 7 nm (asterisks in
Supplemental Fig. S8D) could be explained by a very sim-
plified model, in which two spin-labeled aptamers were
stacked on top of each other (Supplemental Fig. S7). In ad-
dition, the modulation depth A exhibits a clear depen-
dence on the Mg®" concentration (Supplemental Fig.
S8E). This correlation is reasonable, as negatively charged
divalent metal ions are likely to act as bridging ions be-
tween two negatively charged RNA duplex ends. Thus, a
higher Mg?* concentration facilitates stacking, which man-
ifests itself in an increased modulation depth A.

To test whether our results were due to helical RNA
stacking, TC-aptamers with different single-nucleotide
overhangs were prepared (Supplemental Fig. S8A).
Q-band PELDOR revealed that construct Il was essentially
free of any stacking artifacts (no additional distances and
no increased modulation depth), indicating that a pyrimi-
dine-nucleotide overhang (cytidine, construct Il) is more
efficient in preventing end-to-end stacking than a purine-
nucleotide overhang (guanine, construct lll). This is rea-
sonable, as a computational study recently showed that
G-G-nucleobase-dimers are expected to be more prone
to m-m-stacking than C-C-nucleobase-dimers (Mignon
et al. 2005). Similar findings were recently reported by
Weinrich and coworkers on a TAR-RNA system (Weinrich
et al. 2018).

Orientation-selective PELDOR at X-band yields data
in agreement with the X-ray crystal structure

Construct Il (Supplemental Fig. S8A) was subsequent-
ly used to perform orientation-selective PELDOR
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measurements at X-band frequencies with the goal of ex-
tracting the relative orientation of the two spin labeled
RNA helices. Orientation-selective PELDOR with construct
I and construct Il would be much more challenging, as
stacking artifacts can severely hamper data analysis of ori-
entation-selective PELDOR experiments. The orientation-
selective measurements were performed in the presence
of 3 mM Mg®* and TC.

The orientation of two nitroxide spin labels with respect
to each other can be described by six parameters, namely
the distance vector r (chosen to be parallel to the z-axis of
the dipolar coordinate system), two Euler angles By and y;
of nitroxide spin label 1 (because of symmetry the x-axis
can be freely chosen, therefore the first Euler angle is set
arbitrarily to oy = 0) and the three Euler angles oy, B,, and
v2 of nitroxide spin label 2. Euler angles describe the rela-
tive orientation of the principal axis system of a nitroxide
spin label to the dipolar coordinate system, whose z-axis
coincides with the distance vector r. Recent publications
have focused on a detailed theoretical explanation and
simulation of orientation-selective PELDOR data (Larsen
and Singel 1993; Abé et al. 2012; Marko and Prisner
2013; Prisner et al. 2015). Therefore, only a brief summary
about orientation-selective PELDOR at X-band frequen-
cies is given here.

At X-band frequencies (9.4 GHz) the anisotropy of the
Y N-hyperfine interaction of nitroxide radicals dominates
the spectral shape of the echo-detected field-swept
spectrum. This becomes apparent by comparing the sim-
ulated field-swept spectra with its nitrogen hyperfine
components at X-band and Q-band frequencies, respec-
tively (Supplemental Fig. S4A,B). For X-band frequencies,
different spin orientations can be excited by the detec-
tion pulses when using different pump/probe Av offsets,
which typically range from 40 MHz to 90 MHz. The
excitation of different orientations manifests itself in dif-
ferent oscillation patterns and modulation depths for dif-
ferent offsets Av. By fitting orientation-selective X-band
PELDOR data (Marko and Prisner 2013), mainly the
orientation of the z-components z; and z, of the two hy-
perfine tensors with respect to the dipolar vector r, and
therefore the bend angle ¢ between two RNA helices
can be deduced (Fig. 5B). For more information, the
reader is referred to Section S9 in the Supplemental
Material.

Figure 5A shows background-corrected X-band PELDOR
data with different pump/probe offsets. As expected, ori-
entation selection manifests itself in different oscillation
patterns for different offsets (the oscillation for Av=90
MHz is longer than the oscillation for Av=40 MHz). In ad-
dition, the modulation depth increases constantly from
Aso mHz=0.36 to Agg M, =0.53. Orientation selection
manifests itself also in distortions of the Pake patterns
obtained by Fourier transformation of the PELDOR time
traces shown in Figure 5A (Supplemental Fig. S10).

A
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FIGURE 5. (A) Background-corrected X-band PELDOR time traces of
150 pM TC-aptamer (construct Il, see Supplemental Fig. S8), 165 pM
TC and 3 mM Mg?* with different pump/probe offsets. Simulated
PELDOR time traces with Euler angles that yielded the best RMSD
are shown for comparison in red [a1=0 (0), B1=0.94 (0.42), y1=
—1.82(-1.82), 0, =—0.88 (-0.88), B, = 2.63 (2.36), v, = 2.06 (2.06), giv-
en in radians, values in brackets correspond to the crystal structure].
(B) RMSD of PELDOR simulations with different sets of Euler angles
as a function of the bend angle ¢. B4, o, and B, were varied around
the Euler angles of the crystal structure in 5° increments (10 steps +
the start value =213 simulations). The bend angle ¢ between the
two RNA helices (red and gray helices in Fig. 1A,C) was calculated
out of the angles B1, ap, and B,. The bend angle of the crystal structure
with its RMSD is shown as a black diamond.

In a next step, the Euler angles of spin labels that were
attached to the X-ray crystal structure, were simulated,
and compared to experimental data (Supplemental Fig.
S11B). Although the oscillation pattern for smaller offsets
could be reproduced by the simulation, a clear discrep-
ancy is visible for larger offsets (80 MHz and 90 MHz).
Therefore, the Euler angles B1, oy, and B, were varied in
*#5° increment steps around the values obtained
from the X-ray structure, 10 steps in each direction, thus
yielding 21° different orientations that were simulated.
The angles a4, v1, 72 and the distance vector r were kept
constant, because they are not sensitive to X-band
PELDOR data (Abé et al. 2012; Marko and Prisner 2013).
The quality of each simulation was evaluated by calculat-
ing the root mean square deviation (RMSD) over the
whole length of the time traces. Simulations with Euler an-
gles that yielded the best RMSD are shown in Figure 5A as
red time traces. It should be mentioned that the ambigu-
ities arising from the insensitivity of PELDOR to the sign of
the z; and z, vectors do not apply in this approach (Abé
et al. 2012). This is because for the present study prior
knowledge about the molecular model is available by
the crystal structure. Furthermore, the indistinguishability
of the two spin labels is of no concern for data presented
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within this study. This is based on the fact that the bend
angle ¢ describes the relative orientation of the two spin
labels and not the absolute position of each spin label
(Abé et al. 2012).

For a better visualization, each orientation of the two
spin labels, as defined by the three Euler angles B1, oy,
and B, was transformed into the bend angle ¢ (for an ex-
planation of the bend angle ¢, see the inset of Fig. 5B or
Section S9 of the Supplemental Material). The RMSD
was then plotted as a function of the bend angle ¢ (Fig.
5B) and compared to the angle ¢ that was extracted from
spin labels attached to the crystal structure (black diamond
in Fig. 5B). The simulations exhibit a minimum bend angle
at ¢f = 106°, which was in a reasonable agreement with
the calculated angle of ¢x.ray=118° for the crystal struc-
ture. Thus, the analysis of orientation-selective PELDOR
data confirms that the structure obtained in frozen solution
is in agreement with the structure obtained from X-ray
data. The small deviation could indicate minor structural
rearrangements due to crystal packing effects.

More simulated PELDOR time traces, including Euler an-
gles that yielded the worst RMSD (within the given 5° var-
iations) are presented in the supporting information
(Supplemental Fig. S11). We also applied an iterative fit-
ting algorithm, that was recently developed in our group
(Marko and Prisner 2013), to the X-band PELDOR data.
In this approach, the data were fitted over n iterative steps.
In each step, the best-fitting simulated time trace for a con-
former from a simulated library off all possible conformers
was chosen. The collection of the best-fitting conformers
of size n shows a very narrow distribution of its bend angles
(Supplemental Fig. S12, middle row). In addition, the
mean bend angle of this iterative fitting approach agrees
perfectly with the best bend angle of Figure 5B, thus em-
phasizing the uniqueness of the simulation results present-
ed in this study. The Arvalues of the conformers shown in
Figure 5A and Supplemental Figure S12 are also in very
good agreement with experimental Ar values obtained
from Q-band data (Supplemental Fig. S13).

We also recorded orientation-selective X-band PELDOR
data at “intermediate” Mg?* concentrations of 0.45 mM
(Supplemental Figs. S14-516). Simulations did not reveal
significantly different best Euler and bend angles than for
3.0 mM Mg®* and in the presence of TC. The results of
Mg?*-titration studies (“Structural changes of the TC-
aptamer upon adding TC and/or Mg?*"” section) were, how-
ever, confirmed: Both orientation-selective PELDOR data
for 0.45 mM Mg?* in Supplemental Figure S15A,B exhibit
a steeper slope at the beginning than orientation-selective
PELDOR data with 3.0 mM Mg?*. A steeper slope at the be-
ginning corresponds to a higher probability for smaller dis-
tances. Just as with the Q-band M92+ titration studies,
orientation-selective X-band PELDOR data with 0.45 mM
Mg?* in the absence of TC are characterized by stronger
dampening of the oscillations than the orientation-selec-
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tive PELDOR data with 0.45 mM Mg?®* in the presence of
TC, which is consistent with a larger Arvalue in the distance
domain (Supplemental Fig. S16).

Conclusion

Besides yielding accurate intramolecular distances, the
PELDOR time traces of the TC aptamer containing a pair
of rigid spin labels provided more information about the
dynamics and conformational flexibility of the aptamer.
Firstly, the width Ar of the main distance peak is a sensi-
tive indicator for the intramolecular flexibility of the tertiary
structure. More specifically, it was shown that the tertiary
structure of the TC-aptamer needs TC at “intermediate”
Mg?* concentrations (0.22-1.2 mM) to form a stable tertia-
ry structure. At a certain point (>3 mM), Mgz+ alone is suf-
ficient to stabilize the tertiary structure of TC. These results
are in perfect agreement with recent findings by the
Wachtveitl group on the TC-aptamer using fluorescence,
ITC, CD, and melting studies (Reuss et al. 2014). Whereas
the above-mentioned techniques look at the aptamer as
a whole (melting point, ITC, or CD studies) or just at the li-
gand itself (fluorescence), PELDOR sheds light on selected
secondary structure elements of RNA molecules. In the
study by Reuss etal. (2014), a model was proposed in which
the structure of the aptamer is in a preformed condition at
intermediate Mg?* concentrations and in the absence of TC.
With the addition of TC, the final tertiary structure is formed
out of the preformed conformation. The results of this study
are in perfect agreement with the model by Reuss and co-
workers—PELDOR s able to sample the preformed state by
means of a broader distance distribution width at interme-
diate Mg2+ concentrations in the absence of TC (Fig. 3B).
Secondly, the relative orientation of the two helices P1
and P2 (Fig. 1A,B) could be investigated using orienta-
tion-selective PELDOR measurements. The relative orien-
tation of the two helices agrees well with the X-ray crystal
structure of the TC-aptamer in the TC-bound state.
Given a good experimental signal-to-noise ratio, orienta-
tion-selective PELDOR in combination with rigid spin la-
bels is therefore a sensitive method to study orientations
of secondary structure elements of RNA molecules. This
is of particular interest, as PELDOR (and pulsed dipolar
EPR spectroscopy in general) is not restricted to size limita-
tions as in NMR. In the present study, X-band PELDOR was
used to determine an ~10° difference of the bend angle ¢
between the two double-stranded helices P71 and P2 com-
pared to the X-ray structure. PELDOR time traces simulat-
ed with the bend angle of the crystal structure (9xray)
revealed an experimentally significant different oscillation
pattern than the experimental PELDOR time traces and ex-
hibited a significant larger RMSD compared to simulations
with the 10°-changed bend angle ¢5;. Two different fitting
approaches (starting from the X-ray structure and ab initio
iterative fitting of the PELDOR time traces) essentially
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yielded identical results (bend angles), thus emphasizing
the correctness of our simulations.

This study clearly illustrates the benefits of using rigid
spin labels in combination with PELDOR measurements
to study structural dynamics of nucleic acids. To our knowl-
edge, this is the first time that the unique properties of the
Cm spin label have been used to answer relevant ques-
tions about biologically active RNA systems. It should be
noted that these results could not have been obtained
with flexible spin labels, simply because the rotational free-
dom around the tether eliminates all orientation selection
and gives rise to a broad signal in the distance distribution
P(r) that renders a detailed interpretation of the distance
distribution width Ar impossible. The rotational freedom
around the linker would also inhibit determination of addi-
tional angular restraints.

MATERIALS AND METHODS

RNA synthesis and purification

In order to facilitate synthesis of a spin-labeled construct, the
aptamer was composed of two parts, a 5’ 22-mer and a 3’ 37-mer.
After annealing, a complete TC-aptamer (Fig. 1B) can be restored.

The 22-mer of the construct shown in Figure 1B was synthe-
sized via solid phase synthesis as described previously (Tkach
etal. 2013) and analyzed by MALDI-TOF analysis (Supplemental
Fig. S1). For more information on the synthesis of the 22-mer, the
reader is referred to Section 1 of the Supplemental Material.

The 37-mer of the construct shown in Figure 1B was in vitro
transcribed by enzymatic synthesis using a Smal linearized plas-
mid as template. The plasmid codes for the T7 promoter followed
by the aptamer sequence (the full plasmid sequence is available
upon request). In vitro transcription was performed at 37°C over-
nightin a total volume of 10 mL containing 20 mM magnesium ac-
etate, 0.2 M Tris-HCl pH 8.0, 20 mM DTT, 2 mM spermidine, 0.2
mg/mL linearized plasmid, 4 mM of each NTP, and 7.5 mg/mL of
T7 polymerase (made in-house). After transcription, precipitated
pyrophosphate was pelleted by centrifugation and 10% (v/v)
EDTA (0.5 mM, pH 8.0) was added to the supernatant. Ethanol
precipitation was performed and the RNA was purified by a dena-
turing polyacrylamide gel electrophoresis (10% PAA, 8 M urea).
The RNA was detected via ultraviolet (UV) shadowing, cut out,
and eluted from the gel in 0.3 M sodium acetate pH 6.5 at 4°C
overnight. To remove the remaining gel slices, the supernatant
was filtered using a 0.45 mm filter (Sarstedt) and again the RNA
was precipitated using ethanol. Finally, the RNA was dissolved
in double-distilled water and stored at —20°C.

The "right” RNA strands of constructs Il and Il (39-mer and mod
37-mer, see Supplemental Fig. S8A) were prepared as described
in the previous paragraph. After purification, the “right” RNA
strands of construct I, I, and lll (Supplemental Fig. S8A) were hy-
bridized with the “left” strand (22-mer) by mixing an equimolar
amount of each RNA strand in water. The reaction mix was incu-
bated at 95°C for 2 min and afterward temperature was reduced
to 25°C by 1°C per minute. The hybridized RNA was stored at
—20°C. Complete hybridization of the aptamer was checked by
native PAGE (Supplemental Fig. S2).

ITC measurements

Ky measurements were determined by ITC experiments (Vogel
and Suess 2016). ITC measurements of an unlabeled hybrid
TC-aptamer were compared to ITC measurements of the Cm-
labeled hybrid TC-aptamer. Both hybrids, the unlabeled con-
struct (Ky=6.5 nM) and the labeled construct (Ky=7.0 nM), had
identical binding constants as the full-length aptamer (Reuss
et al. 2014), ensuring correct ligand binding. Thus, our hybrid
aptamer faithfully recapitulates ligand binding and is a suitable
model for structural analyses. For more details on ITC measure-
ments, the reader is referred to Section 3 of the Supplemental
Material and Supplemental Figure S3.

Sample preparation for EPR measurements

Aliquots of the frozen RNA solution were lyophilized and dis-
solved in a solution of D,O containing 20 mM triethanolamine,
100 mM sodium chloride, and varying amounts of magnesium
chloride (from 0 mM to 3 mM) at pH=7.0. Twenty percent of
the solution was deuterated ethylene glycol (v/v), used as a glass-
ing agent. For X-band PELDOR samples, only the glassing agent
was deuterated. The final RNA concentration was 150 uM. For
PELDOR measurements in the presence of TC, the buffer solution
also contained 165 pM of TC. All chemicals were certified RNase-
free. RNA samples were transferred into 1.6 mm OD Suprasil
tubes (10 pL) or 2.8 mm OD quartz tubes (20 pL) for Q-band
and X-band PELDOR measurements, respectively. Samples
were shock-frozen in liquid nitrogen prior to being inserted into
the resonator.

X-band PELDOR

PELDOR measurements at X-band frequencies (~9.4 GHz) were
performed on a homebuilt X-band spectrometer equipped with
a split-ring ER 4118X MS3 probehead. More details regarding
the spectrometer design will be published elsewhere. A 1 kW
traveling-wave tube by Applied Systems Engineering was used
for microwave amplification. Temperature was kept at 50 K using
a continuous-flow helium cryostat (CF935) and an ITC 502 tem-
perature control unit, both from Oxford Instruments. The pump
pulse was chosen to coincide with the maximum of the echo-de-
tected field-swept spectrum. Detection was performed at fre-
quency offsets between pump and probe pulses of Av=40, 50,
60, 70, 80, and 90 MHz (Supplemental Fig. S4A contains a simu-
lated echo-detected field-swept spectrum with visualized pump/
probe positions and pulse excitation profiles). Detection pulses
had a length of 32 ns, pump pulses were optimized for a length
of 12 ns. Tau values of 71 =430 ns and 7, =3500 ns were used.
The shot repetition time was set to 4 ps. A tau averaging cycle
of 8 x56 ns was used in order to suppress deuterium modula-
tions. A total of 118 data points were collected along the time di-
mension with an increment of 32 ns. Depending on the sample
quality, 30-150 scans were accumulated.

Q-band PELDOR

PELDOR measurements at Q-band frequencies (%34 GHz) were
performed on a Bruker E580 spectrometer equipped with a
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dielectric EN 5170 D2 ENDOR probehead. A Bruker AmpQ 10 W
solid-state amplifier was used for microwave amplification.
Temperature settings were identical to X-band PELDOR measure-
ments. The pump pulse was chosen to coincide with the maxi-
mum of the echo-detected field-swept spectrum. Detection was
performed at a frequency offset of Av=va-vg=-50 MHz
(Supplemental Fig. S4B contains a simulated echo-detected
field-swept spectrum with visualized pump/probe positions and
pulse excitation profiles). Detection pulses had a length of
32 ns, pump pulses were optimized for a length of 21 ns. Tau val-
ues of 7, = 130 ns and 7, = 5000 ns were used. The shot repetition
time was set to 7 ps. A tau averaging cycle of 8 x 16 ns was used in
order to suppress deuterium modulations. A total of 310 data
points were collected along the time dimension with an incre-
ment of 16 ns. Depending on the sample quality, 10-50 scans
were accumulated. For both, X-band and Q-band measurements,
primary PELDOR data were background-corrected by fitting an
exponential decay function assuming a homogeneous spatial dis-
tribution of the nucleic acid molecules. Tikhonov regularization
was performed on background-corrected PELDOR data to obtain
the distance probability function P(r). Data processing was done
using the Matlab toolbox DeerAnalysis (Jeschke et al. 2006).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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1. RNA synthesis, purification and analysis of Cm-labeled

22mer

The 22 mer Cm-labeled 5- GGGCmMmCUAAAACAUACCMGAUCCC RNA
oligonucleotide was synthesized on an automated Expedite Nucleic Acid Synthesis
System by using a trityl-off protocol and phosphoramidites with standard protecting
groups on 1.0 mmol scale, using 1000 A CPG columns. All commercial
phosphoramidites, CPG columns, and solutions were purchased from Glen Research
Corporation or LinkTechnologies Ltd. Cm was incorporated into RNA
oligoribonucleotides by solid phase synthesis using the previously reported

protocol (Hobartner et al. 2012).

Since the Gm phosphoramidite had limited solubility in acetonitrile, which is commonly
used as a solvent for coupling during chemical synthesis of RNA, it was dissolved at a
concentration in 1,2-dichloroethane (100 mM). The coupling time was 5 min, using 250
mM benzylthiotetrazole as a coupling agent. Oxidation was performed with
tert-butylhydroperoxide in toluene (1 M). Capping and detritylation were performed
using standard conditions for RNA synthesis. Upon completion of the synthesis, the
oligoribonucleotide was cleaved from the solid support and the nucleobases and the
phosphodiesters deprotected in a 1:1 mixture of conc. aqueous NHs and MeNH:2 in
EtOH (8 M, 2 mL) at 65 °C for 40 min. The supernatant was collected, the beads
washed three times with a mixture of EtOH:H20 (1:1, 300uL), and the combined
washes were dried. The 2'-O-TBDMS groups were removed by treatment with a
mixture of EtsN*3HF:DMF (3:1,800 pL) at 55 °C for 1.5 h, followed by addition of H20
(200 pL). This mixture was transferred to a 50 mL Falcon tube, n-butanol (40 mL) was
added, the mixture stored at -20 °C for 12 h, centrifuged and the solvent decanted from
the RNA pellet. The crude RNA was subsequently purified by 20% denaturing

polyacrylamide gel electrophoresis.

The RNA oligonucleotide bands were visualized under UV light, excised from the gel,
crushed, and eluted from the gel with a Tris buffer (2x10 mL; Tris (10 mM, pH 7.5),
NaCl (250 mM), Na2zEDTA (1 mM)). The RNA elution solutions were filtered through a
0.45 mm cellulose acetate membrane (Whatman) and desalted using a Sep-Pak
cartridge (Waters Corporation). The dried oligoribonucleotide was dissolved in sterile
H20 (400 mL) and its final concentrations was calculated according to Beer's law

based on UV absorbance of oligoribonucleotides at 260 nm. Extinction coefficients
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were determined by using the UV WinLab oligoribonucleotide calculator (V2.85.04;
Perkin Elmer). Molecular weights of the oligoribonucleotide was determined by MALDI-
TOF analysis (Bruker, Autoflex Ill) after calibration with an external standard. The
calculated monoisotopic mass (M+H) is 7413.209, whereas observed monoisotopic
mass (M+H) is 7413.856 (Figure S1).
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Figure S1 Maldi-TOF spectrum of Cm-labeled 22mer.
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2. Native PAGE

Hybridization of the Cm labeled aptamer was verified on a 12% native polyacrylamide

gel. As references, the two monomers (22mer and 37mer) as well as the full-length

aptamer (TC-ESR) were analyzed on the same gel.
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Figure S2 Native polyacrylamide gel of the full-length aptamer (wildtype), the 37mer, the 22mer and the hybrid
aptamer. The gel shows complete hybridization of the hybrid construct.
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3. ITC-measurements of the hybridized TC-aptamer

ITC measurements were performed in an iTC200 microcalorimeter (MicroCal, GE
Healthcare, Chalfont St. Giles, UK) at 25°C. The sample cell (0.2 ml) contained the
RNA and the syringe contained 100 pM of the ligand TC. For all measurements, a 20
mM potassium phosphate buffer at pH = 7.5 with 200 mM sodium chloride and 10 mM
magnesium chloride was used. The ITC cell contained 5 uM of the unlabeled or labeled
aptamer. After preequilibration and an initial delay of 180 s, a first injection of 0.2 ml
was performed, followed by 15 serial injections (2.5 ml each) with spacing of 180 s.
Stirring speed was 1000 rpm and the reference power was 6 mcal/s. Data were
recorded as power (mcal/s) over time (min). Afterwards, the heat associated with each
titration step was integrated and plotted against the molar ratio between the titrant and
the RNA. Each binding isotherm was background corrected for dilution effects.
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Figure S3 ITC-measurements of the unlabeled hybrid construct (left) and the Cm-labeled hybrid construct (right).
Experiments were performed twice. Averaged Kqd-values of 6.5 nM (unlabeled) and 7.0 nM (labeled) were obtained.
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4. Pump/probe positions for X-band and Q-band PELDOR
A, 11 B) . n

X%

A, A,
a [ [ a | [ [

-250 -200 -150 -100 -50 O +50 +100 +150 +200 +250 -300 -250 -200 -150 -100 -50 O +50 +100 +150
Frequency offset (MHz) Frequency offset (MHz)

Figure S4 Simulated echo-detected field-swept spectrum using a home written Matlab script (Prisner et al. 2015) at
X-band frequencies (9.4 GHz, black line, A) or Q-band frequencies (34 GHz, black line, B). The frequency position
as well as the pulse profile of the pump pulse (12 ns for X-band, 21 ns for Q-band, arrow down, black) and the
detection pulses at different frequencies (32 ns for X-band and Q-band, arrow up) are also shown. Offsets of 40,
50, 60, 70, 80 and 90 MHz or -50 MHz were used for X-band and Q-band, respectively. The schematic splitting of
the different components of the hyperfine tensor is also shown (red, green and blue). At X-band frequencies, the
Azz-component of the hyperfine tensor is spectrally better resolved, thus enabling for orientation selective

measurements at X-band.
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5. Primary PELDOR time traces of Mg?* titration experiments

A three-dimensional exponential background correction, assuming a homogenous
spatial distribution of the nanoobjects, was used for all PELDOR time traces presented
in Figure S5. The area of the exponential fitting was identical for all time traces, that is
from 3000 to 4400 ns.
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Figure S5 Primary PELDOR traces of Mg?* titration experiments in the presence (bold colors) or absence of TC

(pale colors). Mg?* concentrations ranged from 0 mM (red), over 0.22 mM (violet), 0.45 mM (yellow), 1.2 mM (cyan)

to 3.0 mM (green). The concentration of RNA was 150 yM. The concentration of TC was 165 uM. Fitted background
functions are shown in black.
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6. Direct comparison of equivalent PELDOR and distance
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Figure S6 Direct comparison of Mg?* titration experiments in the presence (bold) or absence of TC (pale). Mg?*
concentrations ranged from 0 mM (red), over 0.22 mM (violet), 0.45 mM (yellow), 1.2 mM (cyan) to 3.0 mM (green).
The concentration of RNA was 150 yM. The concentration of TC was 165 yM. Tikhonov fits are shown in black.
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7. Stacked crystal structures of the TC-aptamer

End-to-end stacking of two crystal structures of the TC-aptamer yielded additional
distances between the nitroxide spin labels of 2.0 nm, 5.0 nm, 5.5 nm and 8.5 nm (red
connection vectors in Figure S7). Due to the rather unspecific nature of helical RNA
stacking, rather broad distances due to stacking are expected. It should be noted, that
the picture below is a very simplified model. The unmodified TC-aptamer used in this
study possesses two blunt ends, whereas the TC-aptamer of the crystal structure still
contained the L1 closing loop of stem P1 (the loop is cut in Figure S7). Therefore,
another ‘stacking conformation’ with additional stacking distances is possible.

However, these distances are expected to be similar to those given in this section.

Figure S7 Two crystal structures of the tetracycline-binding aptamer (Xiao et al. 2008) with two Cm nucleobases
each (shown in black) stacked on top of each other to illustrate helical RNA stacking observed with PELDOR. Red
connection vectors correspond to distances observed due to stacking. Green connection vectors correspond to the
actual intramolecular distance of 3.8 nm.
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8. End-to-end stacking investigated using PELDOR
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Figure S8 A) Secondary structure of modified TC-aptamers with overhanging ends to prevent stacking (construct Il
and construct 111). The unmodified aptamer of the Mg?* titration studies is also shown (construct ). B) Primary Q-
band PELDOR time traces of construct I, Il and Ill. Fitted background functions are shown in black. C) Background
corrected Q-band PELDOR time traces of construct I, Il and Ill. Tikhonov fits are shown in black. The time trace of
construct 1l is completely free of stacking artefacts. D) Distance distributions obtained by Tikhonov regularization.
All samples contained 150 uM RNA, 165 uM TC and 3 mM Mg?* to ensure folding of the RNA. Distance peaks
marked by an asterisk are most likely due to stacking. E) Modulation depth A of the PELDOR time traces of Figure
3A as a function of Mg?* concentration.
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Figure S8 shows PELDOR data of modified TC-aptamers to investigate helical
end-to-end stacking. Two aptamers with different single-nucleotide overhangs were
prepared (construct Il and lll, Figure S8A). Data of modified aptamers are compared
to PELDOR data of an unmodified aptamer (construct I, green in Figure S8B-D). Large
modulations depths of A > 0.25 and additional distances (Figure S8D and Figure S7)
are indicative of helical end-to-end stacking. For a pure 2-spin system, where no
stacking is possible, and our given experimental parameters the modulation depth
cannot exceed a value of A = 0.25. If stacking is present, multi-spin interactions of
3,4...-spin systems will lead to an increased modulation depth. Figure S8C and D show
that construct Ill is more prone to stacking than construct Il. This is reasonable, as a
purine-nucleotide forms the single-overhang of construct Ill, which is more prone to

m-17-stacking than a smaller pyrimidine based single-overhang as used for construct Il.
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9. Calculation of z1, z2 and bend angle ¢ out of Euler angles

By definition of the two nitroxide principal axis systems (Xi, yi, zi) and the dipolar
coordinate system (X, y, z), the angle a1 is always zero. In addition, the angles y: and
y2 cannot be deduced from X-band PELDOR data, as here the x- and y-components
of the hyperfine tensor (Ax and Ayy, Figure S3) have similar magnitudes and are
spectrally not resolved. However, at higher frequencies (94 GHz, 180 GHz and 260
GHz) the x- and y- components of the spin Hamiltonian are spectrally resolved, so that
the angles y1 and y2 can be assigned unambiguously (Marko et al. 2011; Tkach et al.
2014; Grytz et al. 2017). As the distance vector r is known from Q-band measurements,
only three parameters remain (81, a2 and B2) unknown. These angles can be obtained
by simulating and fitting orientation selective PELDOR data. If 81, a2 and 82 are known,
they can be used to calculate the vectors zi1 and z2. Under the assumption that the
vectors z1 and z2 are parallel to the z-axis (rotation axis) of the principal axis systems
of helices 1 and 2 (grey and red in Figure 1B and Figure 5B), the bend angle ¢ between

the two RNA helices can be calculated.

The bend angle ¢ can be calculated using the following relation:

¢ [deg] = cos™ (21 2,) * =, "
where z1 and z2 correspond to the z-component of the hyperfine tensor of each
nitroxide spin. By definition, the z vector is perpendicular to the plane of the five-
membered ring. In principle, the dot product of z1 and z2 can be either negative (from
-1 to 0) or positive (0 to 1). A positive dot product yields a bend angle ¢ smaller than
90°, whereas a negative dot product yields a bend angle ¢ larger than 90°. By looking
at the crystal structure, it becomes clear that a bend angle of ¢ > 90° is far more likely.
Therefore, only combinations of z1 and z2 that yielded a negative dot product were

considered.

The z1 and z2 vectors of the crystal structure were extracted out of the xyz-matrix of
the spin labels by first computing the xi vector. The x; vector can be calculated once
the xyz-coordiantes of the N- and O-atom of the nitroxide moiety are known. An
additional vector L can be calculated out of the xyz-coordinates of the N-atom and a
neighboring C-atom. Then, the cross product of L and xi can be used to calculate zi.

The z1 and z2 vectors of the simulations were calculated out of the Euler angles B1, a2
and B.. z1 was calculated using the following relation:
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1 0 0 0
Z; = <O cosfB; —sin ﬁl) (0) (2)
0 sinf; cosp, 1

z2 was calculated using the following relation:

cosa, -—sina, 0\ /1 0 0 0
Z; = (sin a, Cosa; 0) (0 cosfB, —sin Bz) (O) 3)
0 0 1/ \0 sinf, cospf, 1
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10. Primary PELDOR data of orientation selective X-band
PELDOR (3mM Mg?*w/ TC)
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Figure S9 Primary orientation selective PELDOR time traces at X-band frequencies of a sample containing 150 uM

RNA, 165 uM TC and 3 mM Mg?*. The color code is identical to the one used in Figure S4. Fitted background
functions are shown in black.
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11. Distance and frequency domain data of orientation

selective X-band (3mM Mg?* w/ TC)
Figure S10A and B show primary and background-corrected PELDOR data of the sum

over all offsets presented in Figure S9. Figure S10C and D show Pake patterns and
the distance distribution of the different offsets obtained by Fourier transformation and
Tikhonov regularization, respectively. With larger offsets, the Pake patterns in Figure
S10C gain intensity at 2wdd (= £1.5 MHZz), which is a clear indication for orientation
selection. The distance distributions of larger offsets in Figure S10D are also
characterized by an artificial distance peak at = 3.1 nm (corresponds to 2wdq). This is
because DeerAnalysis is not able to process orientation selective PELDOR data. The
artificial signal in the distance domain is, however, largely eliminated if the sum over

all offsets is processed (bold green distance distribution in Figure S10D).

A B)

11 | 1

0.9}

0.8 0.9

0.7t 0.8}

06

ol 07t

0.4} 0.6}

0.3}

0.2} 0.5}

0O —5"05 1 15 2 25 3 04005 1 15 2 25 3

t (us) t (us)

s D

4 3 2 41 0 1 2 3 4 152253354455556 65
v (MHZ) r (nm)

Figure S10 Upper panel: Primary (A) and background-corrected PELDOR time traces (B) of the sum of all PELDOR
time traces/offsets presented in Figure S9. The fitted background function and the Tikhonov fit are shown in black.
Lower panel: Pake patterns obtained by Fourier transformation (C) and distance distribution obtained by Tikhonov
regularization of background-corrected PELDOR time traces presented in Figure S9. The color code is identical to
Figure S9. The pake pattern as well as the distance distribution of the sum is also shown for comparison (green).
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12. Additional simulated PELDOR time traces

Figure S11 shows additional simulations of PELDOR time traces. Figure S11A shows
simulated PELDOR time traces with Euler angles extracted from the crystal structure.
Although the experimental oscillation pattern is reasonable well reproduced for offsets
of 40 MHz up to 70 MHz, a clear discrepancy is visible for offsets of 80 and 90 MHz

respectively. In addition, the experimental time traces are characterized by a stronger

dampening of the oscillations.
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Figure S11 Additional simulations of PELDOR time traces. A): Simulation of Euler angles extracted from the crystal
structure. B): Euler angles are identical to A). However, Euler angles B1, az, B2 and the distance r were convoluted
with a Gaussian distribution centered at the respective Euler angle and distance r to account for flexibility of the
RNA helices. C) Simulation with set of Euler angles that yielded the worst RMSE. Just as in B), Euler angles 1, a2
and B2 were convoluted with a Gaussian distribution centered at the respective Euler angle and distance r. All
simulations used an intraspin distance of r = 3.9 nm. Simulations are compared to experimental data of a sample
containing 150 uM RNA, 165 uM TC and 3 mM Mg?*.

To account for the stronger dampening, each Euler angle (81, a2 and B82) and the
distance r was convoluted with a Gaussian distribution centered at the respective Euler
angle or distance r. The Gaussian distributions had standard variations of o = 0.0625
rad (angles) and o = 0.225 nm (distance). The Gaussian distribution effectively
considers the intrinsic flexibility of the RNA helices. Although the Gaussian distribution
leads to a better fit for the offsets of 40 MHz up to 70 MHz (Figure S11B), the
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experimental offsets of 80 and 90 MHz are still insufficiently described (the simulations

exhibit a clear 2wadq oscillation, which is not present in experimental data).
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Figure S12 Results of an iterative fitting procedure (Marko and Prisner 2013). The first row (pink) presents simulated
and fitted data in which the modulation depth of each offset was individually scaled. In the second row (orange),
one identical modulation depth scaling factor was applied for all offsets. In the third row (green), no scaling at all
was applied. The first column shows a histogram containing the bend angles of 200 iterative fitting steps. The bin
size was 2°. The right columns shows the simulated PELDOR time traces out of the 200 iteration steps. The

simulated data are compared to experimental data of a sample containing 150 uM RNA, 165 uM TC and
3 mM Mg?*.

Figure S11C presents simulations of PELDOR time traces that yielded the worst
RMSE. Clearly, the oscillation pattern as well as the modulation depth are not well

reproduced. The fitting algorithm presented in Figure S11 and Figure 5 include an
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identical modulation depth scaling for all six offsets to account for example for
incomplete spin labeling. In our cases, the scaling factor was around 0.9 for best

simulations.

We also attempted to fit the experimental data using an iterative fitting procedure. A
detailed description has been published elsewhere (Marko and Prisner 2013). In a first
step, a PELDOR database is created, which contains PELDOR time traces with all
possible orientation for Euler angles B1, a2 and Bz and distances. In a second step, an
iterative fitting procedure with n iterative steps was performed to find the best sum of
certain conformers. The above said can be summarized in the following equation:

"2 (S1 + - + Srnct + Sen) = Sexp||” = min. @
Here, n represents the number of iterative fitting steps. Srn represents the simulated
PELDOR data of the conformer of the nt iterative fitting step that yielded the best
RMSD. Sexp represents the experimental PELDOR data. In this study, 200 iterative
fitting steps were performed. In contrast to simulations presented in Figure S11, the
Euler angles were not convoluted with a Gaussian distribution. The iterative fitting was
performed with no scaling of the modulation depth, identical modulation depth scaling
for all offsets and individual modulation depth scaling for individual offsets. The bend
angles of the 200 iteration steps with identical modulation depth scaling agree perfectly

with results presented in Figure 5.
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13. Arvalues of simulated X-band PELDOR data

In order to verify our simulated X-band PELDOR data, we simulated Q-band time
traces of the conformers that yielded the best RMSD in Figure 5B and of the conformer
pools of the iterative fitting approach (Figure S12). Q-band time traces were then fitted
with a two-Gaussian model system or subjected to a Tikhonov regularization in order
to obtain distance distributions. The linewidths of all distance distributions agreed very
well with the experimental width Ar. Data were simulated at Q-band frequencies,

because no orientation selection is expected at those frequencies.

exp. Q-band

tikh PELdb A ind scale

Gauss PELdb A ind scale

tikh Euler scan/RMSD fit

Gauss Euler scan/RMSD fit

0 05 1 15 2 25 3 2 3 4 5 6
t (us) r (nm)

Figure S13 Simulated Q-band PELDOR time traces of conformers that yielded the best RMSD in Figure 5B (red
data) and of the conformer pools that were obtained by using an iterative fitting approach (Figure S12). For the
iterative fitting approach, the modulation depth was i) not scaled at all (green data), ii) scaled by an identical factor
for all offsets (orange data) or iii) scaled individually for different offsets (pink). Distance distributions were obtained
by either performing a Tikhonov regularization or by applying a 2-Gaussian model fit. The experimental distance
distribution of Q-band PELDOR data of construct Il is shown for comparison in black. Simulated PELDOR time
traces are shown on the left in their respective color code. The Tikhonov fits are shown in black.
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14. Orientation selective X-band PELDOR data at
intermediate Mg?* concentrations (0.45 mM Mg?* w/ and
w/o TC)

This section presents orientation selective PELDOR data of samples containing
150 uM RNA and 0.45 mM Mg?*, either in the presence (bold colors) or absence (pale
colors) of 165 yM TC. Figure S14 shows primary PELDOR data with offsets ranging
from 40 MHz to 90 MHz.
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Figure S14 Primary orientation selective X-band PELDOR data of a sample containing 150 yuM RNA, 165 uM TC
and 0.45 mM Mg?* (bold colors) and of a sample containing 150 uM RNA and 0.45 mM Mg?* (pale colors). The
color code for the offsets is identical to the one used in Figure S4. Fitted background functions are shown in black.

Figure S15 shows processed PELDOR data of samples containing 150 yM RNA and
0.45 mM Mg?*, either in the presence (left column, bold colors) or absence (right

column, pale colors) of 165 uyM TC. The first row shows background-corrected
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PELDOR data A) and B), the seconds row shows Pake pattern obtained by Fourier
transformation C) and D) and the third row shows the distance distribution obtained by
Tikhonov regularization E) and F). The color code of the offsets is identical to Figure
S14.
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Figure S15 Processed PELDOR data of samples containing 150 uM RNA and 0.45 mM Mg?* either in the presence
(left column, A), C) and E)) or absence of TC (right column, B), D) and F)). The first row shows background-corrected
PELDOR data previously shown in Figure S14. The second column shows Pake patterns for different offsets
obtained after Fourier transformation. The third column shows distance distributions for different offsets obtained
after Tikhonov regularization. The color code for the offsets is identical to the previous Figure S14.

For both samples, clear orientation selection is visible. Surprisingly, orientation
selection seems stronger for a sample without any TC (right column, Figure S15B, D
and F). However, one should remember that at intermediate Mg?* concentrations,
samples without TC show a higher probability for shorter distances. These shorter
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distances stack upon the artificial 2wqd-distance peak due to orientation selection,
which leads to an apparent higher degree of orientation selection for a sample without
TC. Simulation of the traces presented in Figure S15A and B did not yield significant

different orientations (bend angles) than those presented in Figure S12.
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Figure S16 Primary and processed PELDOR data of the sum over all offsets of data presented in Figure S14 and
Figure S15. Yellow lines correspond to a sample 150 uM RNA, 165 uM TC and 0.45 mM Mg?*. Pale yellow lines
correspond to a sample containing 150 yM RNA and 0.45 mM Mg?*. A) Primary PELDOR data with the fitted
background function shown in black. B): Background-corrected PELDOR data with the Tikhonov fits shown in black.
C): Pake patterns obtained after Fourier transformation. D): Distance distributions obtained after Tikhonov
regularization.

Summation over all offsets of primary PELDOR data presented in Figure S14 yielded
data that are in agreement with Q-band Mg?* titration studies, which were presented in
Section 3.1 of the main text. Summed X-band PELDOR time traces of a sample
containing 150 uM RNA and 0.45 mM Mg?* exhibit stronger dampening and a broader
linewidth Ar in the distance domain (pale yellow lines in Figure S16B and D), than
summed X-band PELDOR time traces of a sample containing 150 uM RNA,
165 uM TC and 0.45 mM Mg?* (bold yellow lines in Figure S16B and D). The sample
without TC has also a higher probability for smaller distances (Figure S16D).
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